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ABSTRACT
Although hydrogen as a fuel has been extensively regarded as one of the best
alternatives, because the exhaust gases in hydrogen-powered vehicles mainly contain
water, storage of hydrogen in an efficient, safe, and economical method remains an
unsolved challenge for its widespread use. Nanoconfinement has been widely verified
to be an effective and efficient tool to relieve the high kinetic barriers and
thermodynamic stability of various complex hydrides which have high gravimetric and
volumetric hydrogen capacities.The objective of this thesis is to improve the hydrogen
storage performance of certain complex hydrides, such as sodium zinc borohydride,
lithium borohydride, lithium nitride, and lithium amidoborane, by taking advantage of
nanoconfinement. Based on the special physical and chemical properties of different
materials, a series of synthetic methods were designed, and the synergistic effects of
space-confinement, nanosize, and morphology towards enhancing hydrogen storage
performance have been investigated in detail.
NaZn(BH4)3 with high purity was first synthesized by a wet-chemical method,
which led to the formation of pure NaZn(BH4)3 solution in tetrahydrofuran, and
nanoconfinement of NaZn(BH4)3 in mesoporous SBA-15 was successfully realized by
typical solvent infiltration via capillary action. It was demonstrated that the
nanoconfined NaZn(BH4)3 could desorb hydrogen at temperatures between 50 and 150
o

C without the emission of diborane. Induced by the nanosize effect, the

dehydrogenation kinetics was significantly improved, and the apparent activation
energy of NaZn(BH4)3 was reduced by 5.3 kJ mol-1.
A famous reactive metal hydride composite of LiAlH4 and LiBH4 was successfully
nanoconfined in mesoporous carbon via a typical infusion through the capillary effect.
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By virtue of the synergistic effect between thermodynamic destabilization and
nanoconfinement,

the

nanostructured

2LiBH4-LiAlH4

composite

exhibited

significantly improved hydrogen storage properties compared with its ball-milled
counterpart, including the complete suppression of toxic diborane, a much lower
hydrogen release temperature, and faster kinetics for dehydrogenation at a relatively
lower temperature. More importantly, it was discovered that the thus-tailored
thermodynamics and kinetics of the nanostructured composite laid the foundation for
the extremely stable regeneration of Li3AlH6, which was realized for the first time
without the addition of any catalysts. Overall, the capacity retention for the
nanoconfined 2LiBH4-LiAlH4 composite from the 2nd to the 7th desorption remained
over 98%, while lower than 15% was observed for the ball-milled composite, even
after only 5 cycles.
A simple one-pot method for the in-situ synthesis of three-dimensional (3D) porous
carbon-coated Li3N nanofibers was developed and has been reported, based on a
single-nozzle electrospinning technique with poly(vinyl alcohol) and LiN3 as the
precursor. Due to the explosive release of N2 from the transformation of LiN3 into
Li3N, which leads to the volume expansion of poly(vinyl alcohol) during heating, and
the good distribution of LiN3 inside the as-electrospun nanofibers, 3D porous carboncoated Li3N nanofibers were synthesized, which were full of mesopores and
macropores. The mesoporous and macroporous structure provides favorable pathways
for H2 delivery into and out of the of Li3N nanoparticles. The thus-fabricated Li3N
nanofibers exhibit significantly improved thermodynamics and kinetics towards
hydrogen storage performance compared with their bulk counterpart, which endows
them with complete reversibility with a capacity close to the theoretical value at a
temperature as low as 250 oC. This is the lowest temperature reported to date. More
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importantly, it was found that the thus-tailored Li3N nanostructure features extremely
stable regeneration without any apparent degradation after 10 de-/re-hydrogenation
cycles at a temperature as low as 250 oC.
Well-dispersed lithium amidoborane (LiAB) nanoparticles inside carbon nanofibers
were fabricated by using carbon-coated Li3N nanofibers as the template. An abundance
of micropores, mesopores, and macropores were generated during the formation of
Li3N, which produced Li3N nanoparticles in-situ that were well-distributed and spaceconfined inside the separate pores, with sufficient space for the accommodation of
ammonia borane to interact with Li3N, so that they serve as “smart” nanoreactors. Each
Li3N nanoparticle is an active site separated by a porous carbon shell inside the porous
carbon nanofibers and can initiate the formation of LiNH2BH3 via the reaction with
AB with a molar ratio of 1:3 under the steric hindrance of the carbon coating, while
simultaneously realizing the controllable synthesis of LiNH2BH3 with high loading,
good dispersion, and robust stability. Taking advantage of the hierarchical porous
architecture and the nanoscale size effects, the thus-formed LiNH2BH3 nanoparticles
can release 10.6 wt.% hydrogen, approaching the theoretical value within only 15 min
at a temperature as low as 100 oC.
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CHAPTER 1 INTRODUCTION
1. 1 Overview of hydrogen storage
Undoubtedly, the global demand for enhanced energy productionis one of the most
important topics in the 21st century, along with the environment issues it raises. At
least 10 terawatt of carbon-free power is required by the mid-century in order to satisfy
the world’s growing requirement for energy while keeping our planet safe.[1] With
concerning current trends in serious pollution and continual consumption of fossil
energy resources, clean and renewable energy sources, which could replace fossil fuels,
are in high demanded to satisfy the sustainable development of the global economy.
Among various alternative strategies, the adoption of hydrogen, which is an
environmental fuel and, at the same time, a primary energy carrier, is capable of
ensuring a clean and secure energy future based on the following reasons:

[2]

(i)

Hydrogen is the most abundant element on Earth. (ii) It undergoes a perfectly clean
combustion reaction with oxygen to yield energy and water. (iii) It has the highest
possible energy density of any hydrogen-based fuel. The chemical energy produced
per unit mass of hydrogen is around 142 MJ kg–1, which is at least three times larger
than those of other chemical fuels (for instance, the equivalent value is 47 MJ kg–1 for
liquid hydrocarbons).; (iv) Hydrogen can be easily adopted to run a fuel cell, which
has significantly increased efficiency over internal combustion engines (~ 32%
efficiency for diesel-electric; 90% potential efficiency for a fuel cell with thermal
capture, 85% for an electric motor, 77% overall efficiency), while eliminating the
formation of carbon particulates, sulfur, and/or nitrogen oxides. [3]
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1. 2 Hydrogen economy

Figure 1. 1 Hydrogen cycle for application. [4]
Since hydrogen is the most abundant element in the universe, which has the highest
energy density per unit mass and produces water, it is widely regarded as a solution
for transport applications. Nonetheless, it should be noted that hydrogen, which is not
freely avaible in nature, is not an energy source but rather an energy carrier. In an ideal
hydrogen cycle (Figure 1.1), hydrogen is fabricated by splitting water via electrolysis
with solar energy, storing it reversibly in a solid, and using it in a fuel cell to produce
electrical energy and heat. This is the so-called “hydrogen economy”, which could
effectively address the major energy challenges of the 21st century.
Unfortunately, there are still many problems to achieve this dream in daily life: (i)
the cost of safe and efficient production and transportation of hydrogen needs to be
lowered to be competitive with gasoline without adverse environmental impact; (ii)
on-board hydrogen storage systems should allow a driving range of greater than 300
miles while meeting vehicle cost, packaging, and performance requirements; (iii) an
effective and efficient fuel cell system is needed. [5] Among them, hydrogen storage is
the main bottleneck, particularly for mobile applications. [6] Because hydrogen is an
extremely volatile gas, its volumetric energy density is much too low for pratical
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applications. [7] Therefore, a means to store hydrogen efficiently and safely is required
for the flexible use of hydrogen as a carrier of energy.
1. 3 Requirements for hydrogen storage
The U.S. Department of Energy (DOE) has established a set of technical trargets for
on-board hydrogen storage systems, considering the economic and environmental
parameters shown in Table 1.1. It should be noted that the targets relate to the
properties of the entire storage system, which means the cost, volume, and mass of any
components involved in the fabrication of the system should be taken into account. In
principle, high storage capacities, high gravimetric and volumetric densities, fast
kinetics for dehydrogenation and hydrogenation, long and stable cycling performance,
effective thermal transfer during operation, safe operation, and reasonable risks under
abnormal conditions are required for a practical hydrogen storage system. In addition,
various requirements must be simultaneously fulfilled for particular applicatiosn.
Moreover, the toxicity properties and the cost for the fabrication of the storage system
should be carefully considered for the achievement of the set goals.
Table 1. 1 Summary of the “old” (2003) [5] and “new” (2009) [8] DOE hydrogen
storage targets.
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1. 4 Hydrogen storage approachs
Hydrogen could be stored, in principle, in physical form (gas or liquid) or in a
chemical form. Currently, a series of hydrogen storage approaches are being discussed
or adopted to reversibly store hydrogen.
i) Compressed hydrogen gas: The most common storage system is high-pressure gas
cylinders with a maximum pressure of 20 MPa. Carbon-fiber-reinforced composite
tanks can reach a pressure of 80 MPa, and these are already being used in prototype
hydrogen-powered vehicles. Nonetheless, the safety of the cylinders under high
pressure, especially in highly populated areas, is an important issue of concern and,
more importantly, the hydrogen gravimetric density is still low, which is a significant
obstacle to its pratical applications. [9]
ii) Liquid hydrogen tanks: As the volumetric capacity of liquid hydrogen is 0.070
kg L-1, which is much higher than that of pressurized hydrogen at 70 MPa (0.039 kg
L-1), more hydrogen in a given volume could be stored in liquid hydrogen tanks than
in compressed gas tanks. The consumption of energy for hydrogen liquefaction,
hydrogen boil-off, and the cost of the special tanks are major issues for the practical
application of liquid hydrogen tanks. Although the loss of hydrogen due to boil-off
could be eliminated to obtain the maximum driving force, the energy used to liquefy
the hydrogen, over 30% of the lower heating value of hydrogen, remains a big
drawback, which could also have an impact on the cost of fuel and degrade fuel cycle
energy efficiency. [5]
iii) Physisorption of hydrogen on high surface area sorbents and carbon-based
materials: The weak van der Waals interaction between hydrogen and most sorbents
with high surface area, described as physisorptive attraction, leads to reversible storage
of hydrogen on a wide range of candidates, such as carbon-based materials (nanotubes,
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fullerenes, and graphene) [10,11], metal-organic frameworks (MOFs) [12], zeolites[13], and
covalent-organic frameworks (COFs) [14,15]. MOF-177 in particular, which possesses a
surface area of 5900 m2 g-1, was observed to have a hydrogen uptake of 7.5 wt.% at 196 oC. [16] All sorbents, however, suffer from a common limitation, i.e., the weak
interaction between molecular hydrogen and the sorbent, which means an operating
temperature at or close to that of liquid nitrogen (-196 oC).
iv) Solid-state chemical hydrides: By incorporation of hydrogen into the crystal
structure of solid-state storage materials, it can be reversibly stored. In order to develop
a suitable on-board hydrogen storage system for the transportation industry that is
competitive with current vehicles in the market place, compact, light, safe, and
affordable containment is required, which should cover a driving range of 400 km.
Therefore 4 kg hydrogen is needed for an electric car with a fuel cell. A direct
comparison of the volume for storing 4 kg of hydrogen in the above-mentioned ways
(i.e., liquefied hydrogen tank, high-pressure hydrogen cylinder, and solid complex
hydrides.) is presented in Figure 1.2. It is obvious that due to the large volumetric
density of solid metal hydride, it is now regarded as a more effective way to use
hydrogen than liquid hydrogen and compressed gas. A series of materials have been
recently demonstrated to be suitable for chemical storage of hydrogen with high
gravimetric and volumetric capacities. Unfortunately, none of the materials
investigated to date is capable of fulfilling all the requirements for practical
applications. Therefore the topic of this thesis is focused on the further improvement
of solid-state chemical hydrides, which it will be discussed in detail in the following
chapters.
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Figure 1. 2 Volume of 4 kg of hydrogen compacted in different ways, with size
relative to the size of the car. [2]
1. 5 Research aims and scope
Recently, a multitude of novel materials with fascinating properties, e.g., high
gravimetric capacity and volumetric capacity, and/or reasonable thermodynamics,
have been discovered. For example, high gravimetric and volumetric densities of 18.5
wt.% and 121 kg H2 m-3, respectively, have been discovered for LiBH4[17], and the
Mg(NH2)2-2LiH system exhibits favorable thermodynamics of 39 kJ mol-1 H2, which
equals an working temperature of 90 oC under 1 bar of equilibrium hydrogen pressure
and could satify the practical tragets for proton exchange membrane fuel cells [18].
Despite substantial research efforts and improvements within solid-state hydrogen
storage materials, a material that can fulfil all the set targets simultaneously and act as
the successor for gasoline in on-board mobile application has not yet been realized,
owing to thermodynamic or kinetic, and/or the simultaneous release of by-products
during dehydrogenation. [19]
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Fortunately, after intensive investigations on hydrogen storage materials, a series of
methodologies to improve the thermodynamics and kinetics of the candidates have
been well-established, e.g., doping with catalysts, thermodynamic destabilization, and
nanostructuring.[20,21] One of the most outstanding approaches for improving the
performance is to reduce the particle size of hydrogen storage materials down to
nanometer size, as their physicochemical properties could change with the particle size
decreased to the nanometer range. As hydrogen is incorporated into the crystal
structure of solid-state chemical hydrides, a significant fraction of the atoms, including
hydrogen, could be situated on the surface, with the interior atoms close to the surface,
which could lead to rapid kinetics for hydrogen charge and discharge. More
interestingly, the thermodynamics of hydrogen storage could also be be changed due
to the tremendous contribution of the surface energy to the total stability of the
nanoparticles. The change in equilibrium dehydrogenation temperatures under 1 bar
of H2 pressure relative to particle size for different metal-metal hydrides is
theoretically predicted in Figure 1.3, which illustrates how large changes in
equilibrium pressure could be expected when particle size is below 2-5 nm. As
expected, significant enhancement has been verified in a myriad of solid-state
chemical hydrides.[22,23]
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Figure 1. 3 Variation in the metal/metal hydride transition temperature relative to the
particle size for bulk materials based on DFT calculations. [24]
Nanosized particles, however, are inherently unstable and easily grow into larger
crystallites or aggregates during thermal treatment. Therefore, a method to stabilize
the as-synthesized nanoparticles during repeated cycles of hydrogen charge and
discharege is needed, which could effectively prevent particle growth during heating
and improve the gas-solid interface during hydrogenation and dehydrogenation at
elevated temperature. Nanoconfinement, which refers to the confinement of solid
materials within the pores of a scaffold with porous structure, could lead to direct
synthesis of nanostructured materials by physical nanoconfinement in nanosized pores,
and, on the other hand, effectively maintain the three-dimensional sizes of composites.
The significantly enhanced kinetics and cycling performance of various solid-state
hydrogen storage materials after nanoconfinement in porous scaffolds have been
intensively confirmed.
Inspired by the significant improvement that is possible based on nanoconfinement,
the central goal of this study is to increase the feasibility of producing complex
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hydrides for practical application via nanostructuring to promote the kinetics, tailor the
thermodynamics, and enhance the cycling stability. Although some advances have
been achieved recently that promote the hydrogen storage performance via
nanotechnology, the nanostructuring of light metal hydrides with a great potential for
application is still a big challenge due to their high reactivity. Therefore, the major
purposes of this present work are: 1) to develop a reasonable method for
nanostructuring various complex hydrides; 2) to investigate the effects of
nanostructuring on both the hydrogenation and the dehydrogenation performance of
these materials; 3) to examine the mechanisms of nanostructuring-induced
improvement.
The following is a brief summary of the contentsof this thesis:


Chapter 2 presents an extensive literature review of recently reported solidstate chemical hydrides, especially recent advances on complex hydrides via
nanostructuring.



Chapter 3 presents the experimental equipment that was generally used, the
chemicals that were used, and the methods to test the hydrogen storage
performance.



Chapter 4 presents the synthesis of pure NaZn(BH4)3 and the stabilization of
NaZn(BH4)3 via nanoconﬁnement in SBA-15 towards enhanced hydrogen
release.



Chapter 5 presents the nanoconﬁnement of co-inﬁltrated 2LiBH4–LiAlH4
composites and an investigation of the thermodynamics, kinetics, and
reversibility of hydrogen absorption/resorption.



Chapter 6 presents the nanoconfined multi-step synthesis of a Li-Mg-N-H
nanocomposite for low-temperature hydrogen storage with stable reversibility.
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Chapter 7 exhibits the synthesis of carbon-coated Li3N nanofibers for advanced
hydrogen storage.



Chapter 8 presents the fabrication of well-dispersed lithium amidoborane
nanoparticles through nanoreactor engineering for improved hydrogen release.



Chapter 9 gives an overall summary of this doctoral work and discusses
possible future research work related to these light metal hydrides and the
outlook for hydrogen storage.
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2

CHAPTER 2 LITERATURE REVIEW

This chapter will briefly give the overall background on the methods for
nanoconfinement and on solid-state chemical hydrides, such as complex hydrides,
magnesium-based hydrogen storage materials, and chemical hydrides, as hydrogen
storage materials. Nanoconfinement-induced improvement of their hydrogen storage
performance will be also presented in brief.
2.1 Strategies for preparing nanoconfined hydrogen storage materials
The nanoconfinemt should fulfil a number of different functions, i.e., preserving
nanoscale crystallites under harsh conditions and/or high temperature, while still
providing access of hydrogen to the active phase. In addition, since the scaffolds
adopted for nanoconfinement do not contribute directly to the hydrogen storage
functionality, they will unavoidably decrease the gravimentric hydrogen density, thus
reducing normalized performance. Thefore, the host should comply with several
requirements: 1) chemical inertness is important, which could limit reaction with
hydrogen storage materials during the synthesis and the following hydrogen storage
process; 2) the melting point must be high in order to avoid collapse during thermal
treatment for both dehydrogenation and hydrogenation; 3) the bulk density should be
sufficiently low to achieve high weight specific performance; 4) the templates should
ideally be highly elastic to accommodate the volume changes in the hydrogen storage
materials during hydrogen charge and discharge; 5) low cost is an important
consideration.[1,2]
2.1.1

Solvent mediated infiltration

Solvent mediated infiltration (also known as wet or solution infiltration) is based on
a solvent which can dissolve the precursors or other ingredients to form a
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homogeneous solution, in which the porous templates are submerged.[3] The solution
must then effectively infiltrate the pores, and the hydrogen storage materials will
solidify and/or be synthesized to form nanocrystalline and/or amorphous particles
inside the porous structure upon elimination of the solvent during evaporation. It
should be pointed out that the solvent that is adopted should be weakly coordinating
to both the targeted materials and the templates, which could help in eliminating the
solvent and therefore avoiding possible decomposition or contamination of the
hydrogen storage materials during heating. One advantage of solution infiltration is
that infiltration could be realized under milder circumstances compared with the
following method of melt infiltration. Nonetheless, it can be a big challenge to discover
an appropriate solvent to dissolve the materials without reacting with either the
materials or the porous templates in some cases.
2.1.2

Melt infiltration

Melt infiltration is a method arising from the field of ceramic nanoparticles, which
isbased on the encapsulation of active materials in porous scaffolds through the
melting of any precursors or active phases.[4] It could be adopted as an impregation
method if the melting point of the hydrogen storage materials is relatively lower than
the decomposition temperature of the templates, depending on the minimization of
the overall interfacial energy in the molten species and the host system. Melt
infiltration is advantageous because no solvents or precursors are used, which avoids
treatments after the nanoconfinement process and possible contamination of the
solvent and/or other substrates. Nevertheless, due to the fact that most of the metals or
relatively complex hydrides have high reactivity when molten, finding an inert
template could be a big challenge. In addition, special strategies such as high hydrogen
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pressure should be adopted to avoid the decomposition of the hydrogen storage
materials during the infiltration process.
2.1.3

In-situ synthesis

The encapsulation of hydrogen storage materials could be achieved in-situ during
the fabrication of the porous scaffolds, which is probably the most perfect way to
nanoconfinement. It could avoid the work of searching for templates, the tedious
infiltration process, and the blocking of pores during the process of encapsulation. Due
to the high reactivity of most hydrogen storage materials, finding suitable proper
precursors that could be utilized to simultaneously synthesize both templates and
hydrogen storage materials is a big challenge for this method.
2.2 Complex hydrides
Complex hydrides refer to Groups I, II, and III salts of alanates, amides,
borohydrides, and their derivatives. Due to their high gravimetric densities and
commercial availability, these materials have been widely regarded as viable
candidates for practical application.[5]
2.2.1

Alanates

2.2.1.1 Introduction
During the past decades, alanates, which can be found as hexahydroaluminates or
tetrahydroaluminates, have received the most attention among the group of complex
hydrides. Some of the most common alanates are listed in Table 2.1, among which,
LiAlH4 exhibits the highest storage capacity, i.e., 10.5 wt.%. Alkali metal alanates
dehydrogenate at temperatures ranging from 200 oC to 300 oC, leading to the formation
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of aluminium metal and the corresponding alkali metal hydrides based on the
following two-step equation:
3NaAlH4 ↔ Na3AlH6 + 2Al + 3H2 ↔ 3NaH + 3Al + 9/2H2 (2.1)
In contrast to the alkali metal alanates, Mg(AlH4)2 exhibits a dehydrogenation
process

according

to

Equation

(2.1),

but

without

the

formation

of

hexahydroaluminates as an intermediate phase. Further dehydrogenation could be
achieved by the decomposition of MgH2 to form Mg, which will react with aluminium
at ~400

o

C to produce Al3Mg. Unfortunately, the exothermic nature of the

dehydrogenation reaction of Mg(AlH4)2 precludes its direct rehydrogenation.
Mg(AlH4)2 → MgH2 + 2Al + 3/2H2 (2.2)[6]
In terms of NaAlH4, the first reaction is thermodynamically favourable at
temperatures above 33 oC at 1 bar H2 pressure.[7] The high kinetic barrier, however,
leads to higher temperature and hydrogen pressure being required for hydrogen
adsorption and desorption. Recently, it has been demonstrated that a reversible
capacity of 4 wt.% at 160 oC could be achieved over 100 cycles in Ti-catalyzed
NaAlH4.[8]
Table 2.1 Commonly known complex aluminium hydrides. The mixed cation
alanates are also listed.[9]
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2.2.1.2 Nanoconfinement of alanates
The first example of alanates nanoconfined in porous templates is NaAlH4, reported
by K. P. de Jong via solution infiltration into carbon nanofiber support.[10,11] They
further fabricated carbon nanofiber-supported NaAlH4 having different particle sizes
of 1-10 μm, 19-30 nm, and 2-10 nm, and verified that the hydrogen release temperature
decreased from 186 oC down to 70 oC, while the activation energies were reduced from
116 kJ mol-1 to 58 kJ mol-1. Subsequently, Sun et al. reported the synthesis of spaceconfined NaAlH4 in ordered mesoporous silica via wet infiltration, as illustrated in
Figure 2.1.[12] As shown in Figure 2.2, the kinetics of dehydrogenation is greatly
improved when NaAlH4 is nanoconfined by mesopores of mesoporous silica, with a
value of 3.0 wt.% hydrogen released at 180 oC in 60 min.
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Figure 2.1 Preparation process for NaAlH4 nanoparticles space-confined in ordered
mesoporous silica (OMS).[12]

Figure 2.2 Dehydrogenation curves for pristine NaAlH4 and NaAlH4 nanoparticles
space-confined in ordered mesoporous silica (NaAlH4/OMS) at 150 oC and 180
o

C.[12]

Since both nanoconfinement and the addition of TiCl3 could lead to superior
hydrogen storage performance in NaAlH4, Jensen et al. adopted a TiCl3-loaded carbon
aerogel to nanoconfine NaAlH4 and the resulting NaAlH4 nanoparticle started to
release hydrogen at around room temperature with a peak temperature of only 125 oC,
which was attributed to the synergetic effects between nanoconfinement and the
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catalytic effects of TiCl3.[13] More recently, NaAlH4 was infiltrated into well tailored
porous carbons with pore sizes of 200 nm, 60 nm, 30 nm, and 4 nm via melt infiltration
(Figure 2.3).[14] It was found that NaAlH4 started to release hydrogen at a temperature
of ~ 100 oC with a peak of 172 oC when the pore size of the adopted templates was
reduced to 30 nm, and the apparent activation energy for hydrogen discharge was
determined to be 69.7 kJ mol-1 for NaAlH4 confined in 4 nm porous carbons, reduced
by 58 kJ mol-1 compared to the first step dehydrogenation of its bulk counterpart.

Figure 2.3 Uniform porous carbons with different pore sizes: (a) 200 nm; (b) 60 nm;
(c) 30 nm; and (d) 4 nm.[14]
Another alanate which has been successfully nanoconfined is LiAlH4, which was
infiltrated into Ni-containing mesoporous carbon scaffold via solution infiltration.[15]
It was demonstrated that LiAlH4 confined in Ni-containing porous carbon starts to
release hydrogen at 66 oC, which is 84 oC lower than for neat LiAlH4. The effects of
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nanoconfinement, the catalytic effect of Ni, and compartmentalization effects during
the sintering of particles could have contributed to the decrease in the apparent
activation energy (Ea = 39.67 kJ mol-1) of LiAlH4.
2.2.2

Borohydrides

2.2.2.1 Introduction
Borohydrides, also referred to as tetrahydroborate, are identified as a group of
hydrides in which hydrogen is covalently bonded to the central atoms (B) in the [BH4]1

complex anion. Due to their high gravimetric and volumetric hydrogen capacity (e.g.,

18.6 wt.% hydrogen for LiBH4), borohydrides have been regarded as highly promising
hydrogen storage resources. One of the more popular borohydrides is LiBH4, which
decomposes at temperatures above 380 oC and forms LiH and B with a capacity of
13.5 wt.% based on the following reaction:
2LiBH4 → 2LiH + 2B + 3H2

(2.3)

The dehydrogenated LiBH4 could be partially rehydrogenated at 600-650 oC under
70-350 bar of hydrogen. Interestingly, a correlation between the experimental
dehydrogenation temperature and the electronegativity of the metal in metal
borohydrides was found, and these compounds, which have less ionic character than
diborane, are expeceted to be unstable and release diborane during dehydrogenation.
On the other hand, additional compounds have been extensively introduced into
borohydrides with the aim of tailoring their respective thermodynamic stabilities. For
instance, the reaction enthalpy could be lowered by 25 kJ mol -1 H2 with the addition
of MgH2 into LiBH4.[16,17]
Sodium borohydride (NaBH4) was dehydrogenated at a temperature of 534 oC to its
parent elements, based on Equation (2.4), owing to the lower stabibity of NaH
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compared with LiH, which is formed in the dehydrogenation of LiBH4.[18] A similar
reaction to NaBH4 was observed for the decomposition of KBH4, which occurs at an
even higher temperatures of ~585 oC.[5]
NaBH4 → Na(l) + B + 2H2

(2.4)

Magnesium borohydride (Mg(BH4)2) possess a high gravimetric hydrogen capacity
of 14.9 wt.% H2 and favourable thermodynamics of 39.3 kJ mol-1 H2 at 1 bar of
hydrogen pressure.[19,20] The dehydrogenation of Mg(BH4)2 takes place in more than
two steps in the temperature range of 290-350 oC, leading to the formation of
MgB12H12, MgH2, and MgB2 according to the proposed reaction pathway (Equation
2.5).[21] The dehydrogenated Mg(BH4)2 could be rehydrogenated at 270 oC under 400
bar after 48 h of treatment.
Mg(BH4)2 → 1/6MgB12H12 + 5/6MgH2 + 13/6H2
→ MgB2 + 4H2

(2.5)

Transition metal borohydrides generally decompose at much lower temperatures
than the alkali metal borohydrides. For example, decomposition of Y(BH4)3 could
occur at temperatures ranging from room temperature to around 500 oC, based on the
following Equation (2.6),[22] and rehydrogenation could be achieved at 260 oC under
35 bar of hydrogen.[23]
Y(BH4)3 → YH3 + 3B + 9/2H2
→ YH2 + 3B + 10/2H2

(2.6)

Furthermore, as shown in Figure 2.4, a nearly linear relationship was observed
between the electronegativity of metals in the compounds, which have strong
coordination to the borohydride groups, and the experimental temperature of
decomposition.[24] For example, the dehydrogenation temperature for a bialkali metal
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borohydride (LiK(BH4)2) is around the average of the dehydrogenation temperatures
for their corresponding mono alkali borohydrides, i.e., LiBH4 and KBH4.[25]

Figure 2.4 Decomposition temperature (Tdec) for metal borohydrides as a function of
the electronegativity of the metal (M′).
2.2.2.2 Nanoconfinement of borohydrides
Various borohydrides, such as LiBH4, NaBH4, Ca(BH4)2, and Mg(BH4)2, have been
successfully nanoconfined in porous templates, e.g., carbon-based scaffolds[26-28],
metal oxides[29], metal-organic frameworks (MOFs)[30], SBA-15[31], and polymer
matrix[32,33].
Nanoconfinement of LiBH4 could be achieved by both solution infiltration and melt
infiltration under the protection of hydrogen with high pressure. For example, LiBH4
was firstly infiltrated into an activated carbon scaffold using solution infiltration,
which shows an onset dehydrogenation temperature of just 220 oC, 150 oC lower than
that of bulk LiBH4.[26] Moreover, the temperature for hydrogenation was tremendously
decreased via the nanoconfinement of LiBH4 in activated carbon scaffold. It has been
verified that the production of amorphous LiBH4 is favoured when porous carbon with
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pore sizes smaller than 2 nm is adopted as the scaffold, along with the method of
solution infiltration, which leads to an onset dehydrogenation temperature that is
further decreased down to 200 oC. A hydrogen capacity of 4.0 wt.% was obtained at
only 300 oC.[34] By comparison, the hydrogen desorption from bulk LiBH4 is negligible
at the same temperature. Yu et al. found that Cu-MOFs is a viable template to load
LiBH4, and the nanoconfined LiBH4 in Cu-MOFs could start to release hydrogen at
around 60 oC (Figure 2.5).[30] The release of diborane, however, is detected during the
dehydrogenation of LiBH4 nanoconfined in Cu-MOFs.

Figure 2.5 (a) Schematic diagram of LiBH4 nanoconfined in Cu-MOFs; (b) Mass
spectra of LiBH4 nanoconfined in Cu-MOFs; (c) dehydrogenation plots of the 1st step
hydrogen release from LiBH4 nanoconfined in Cu-MOFs.[30]
In the meantime, Majzoub et al. investigated the wetting and decomposition
behaviour of LiBH4 during nanoconfinement in highly ordered nanoporous hard
carbon templates in detail.[35] The nanoconfinement of LiBH4 in a framework with
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pore size of 2 nm resulted in the formation of an amorphous substrate and the
significant reduction of the onset dehydrogenation temperature from 460 oC to 220 oC
compared with bulk LiBH4. More importantly, the release of diborane is obviously
suppressed during the decomposition of amorphous LiBH4 that is space-confined in
porous templates. Following that, Yu et al. went on to comprehensively investigate the
effects of a series of template pore sizes on the structural phase transition,
dehydrogenation and hydrogenation, and the release of toxic diborane during the
dehydrogenation of LiBH4.[36] With the reduction of pore size, the dehydrogenation of
LiBH4 shows a systematic and monotonic reduction in desorption temperature and a
gradual reduction of the desorption of diborane. In order to enhance the hydrogen
storage density of nanoconfined LiBH4, Chen et al. employed zeolite-templated carbon
with high porosity and excellent mechanical stability to nanoconfine LiBH4 (Figure
2.6).[37] With ultra-high pressure densification and a high loading amount of LiBH4,
the nanoconfined system could realize a volumetric capacity of 75.43 g L-1 and
gravimetric capacity of 6.92 wt.%, and moreover, an onset dehydriding temperature of
194 oC was observed.
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Figure 2.6 (a) Scanning electron microscope (SEM) and (b) transmission electron
microscope (TEM) image of nanoconfined LiBH4 in zeolite-templated carbon
(LiBH4@ZTC-750); (c) Dehydrogenation curves and (d) normalized cyclic hydrogen
storage capacities of nanoconfined LiBH4 in ZTC-750 and CMK-3 at 300 oC under
0.02 bar H2.[37]
Since LiBH4 is highly reactive when exposed to air, especially on the nanometer scale,
Zhu et al. adopted poly(methylmethacrylate) (PMMA), which has better gas selectivity
towards H2 and O2, to modify LiBH4 via themal destabilization and
nanoconfinement.[33] A diameter distribution of 19-73 nm was observed for LiBH4 is
observed (Figure 2.7) after the process of nanoconfinement, and it was amorphous
from the selected-area electron diffraction pattern. Furthermore, LiBH4@PMMA
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starts to desorb hydrogen at only 53 oC, with the main peak first observed at 116 oC
with a hydrogen capacity of 5.2 wt.% desorbed at 162 oC in 1 h.

Figure 2.7 (i) Schematic illustration of LiBH4 confined by PMMA to avoid
contamination from oxygen and water; (ii) TEM image and (iii) selected area
electron diffraction (SAED) pattern of LiBH4@PMMA composite; (iv) mass spectra
during dehydrogenation of (c) fresh LiBH4@PMMA composite and after exposure of
the LiBH4@PMMA composite to air for 1 h (d), 4 h (e), 8 h (f), compared with pure
PMMA (a) and LiBH4 (b).[33]
In the case of NaBH4, de Jongh et al. firstly reported its nanoconfinement via both
solution and melt infiltration.[38] It was demonstrated that the dehydrogenation
temperature could be significantly decreased by confining NaBH4 in nanoporous
carbon material, with most of hydrogen desorbed at around 350

o

C in the

nanocomposite in comparison with 560 oC for its bulk counterpart. Interestingly,
Meganne L. Christian et al. prepared nanometer size (< 30nm) NaBH4 particles by an
antisolvent precipitation method and then added nickel chloride at these nanoparticles’
surfaces to form NaBH4@Ni core-shell nanostructures.[39] This unique structure could
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confine the molten NaBH4 and its dehydrogenation products in a limited space so as
to realize rapid kinetics and stable reversibility owing to the short diffusion lengths of
the active species, the decomposition of the as-formed nickel borohydride, and the
catalytic effects on the dehydrogenation. Hence, the onset dehydrogenation
temperature of this core-shell nanostructure was reduced to 50 oC, and more
importantly, NaBH4 realized full reversibility for the first time with hydrogen
desorption/absorption at 4 MPa and 350 oC (Figure 2.8). Moreover, the hydrogen
storage capacity of NaBH4@Ni was 5 wt.%. Subsquently, the authors reported that
other metals (e.g., Co, Cu, Fe, Ni, Sn) could aslo be loaded on NaBH4 to fabricate a
core-shell nanostructure with different morphologies by the same method.[40]

Figure 2.8 (a) Thermal decomposition as characterized by thermogravimetric
analysis –differential scanning calorimetry (TGA/DSC) of as-synthesized
NaBH4@N. (b) Hydrogen evolution as characterized by mass spectroscopy (MS) for
Ni physically mixed with nano-NaBH4, as-synthesized NaBH4@Ni, and NaBH4@Ni
after undergoing 2 cycles at 350 oC. Insetis a magnification of the onset of hydrogen
release. No other gases were detected by MS. TEM images of NaBH4@Ni after
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heating the material up to (c) 350 oC, (d) 450 oC, (e) and 650 oC. The observed
evolution in morphology was not reversible.[39]
Due to the solubility of Mg(BH4)2 in tetrahydrofuran, nanoconfined Mg(BH4)2 has
been fabricated via solution infiltration into nanoporous activated carbon.[41] Ca(BH4)2,
however, could not be nanoconfined by either melt infiltration or solution infiltration
due to lack of a melting point or a suitable solvent. It is interesting that a porous
Ca(BH4)2-based hydride, CaB2H7, with nanoporous TiO2 introduced in-situ was
prepared by mixing Ca(BH4)2 with Ti(OEt)4 followed by thermal treatment, as
illustrated in Figure 2.9.[42] The dehydrogenation peak temperature of the CaB2H70.1TiO2 system could be decreased by 50 oC, with a capacity of 5 wt.% achieved below
300 oC.
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Figure 2.9 (a) Schematic illustration of the synthetic procedure to fabricate the
CaB2H7-0.1TiO2 system; (b) TG –MS curves of the pure Ca(BH4)2 (1), the as-milled
Ca(BH4)2 + 0.1Ti(OEt)4 mixture (2), and the porous CaB2H7-0.1TiO2 system (3).42
2.2.3

Amides

2.2.3.1 Introduction
Metal-N-H compounds, consisting of Li-N-H, Li-B-N-H, Li-Mg-N-H, Li-Al-N-H,
and the like, are among the best known attractive hydrogen storage resources owing to
their outstandingly high gravimetric hydrogen density. The research work in this
system has grown rapidly, since lithium nitride can store 11.5 wt.% hydrogen.[43]
Generally, it is accepted that the hydrogenation and dehydrogenation of Li3N could
proceed by the following reversible pathways:
Li3N + 2H2 → Li2NH + LiH + H2
Li2NH + LiH + H2 → LiNH2 + 2LiH

(2.7)
(2.8)

Figure 2.10 Weight variations of Li3N sample during the hydrogenation and
dehydrogenation processes.[43]
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There is a significant hydrogen uptake in Li3N from 170-210 oC (Figure 2.10). With
respect to the first reaction, the second step can absorb and desorb hydrogen at a much
lower temperature due to the smaller enthalpy change. Nevertheless, the temperature
of complete hydrogen desorption in the fully hydrogenated Li3N is still above 250 oC.
Therefore, it is not suitable for practical applications. In order to enhance the reaction
kinetics and decrease the desorption temperature of the metal-N-H system, the
mechanism behind the conversion of hydride and amide should be clearly understood.
To date, there have been several mechanism models proposed. One is the
multimolecule reaction mechanism, which can be described as a solid-solid reaction
based on the strong affinity between positively charged H+ in amide and negatively
charged H- in hydride.[44] Another group proposed an ion migration model, suggesting
that the presence of Frenkel defect pairs is crucial in the desorption and hydrogenation
processes, with the mobility of small ions promoting the kinetics of this process.[45]
Ichikawa’s group, however, considered a two-step ammonia mediated mechanism
more reasonable:[46]
2LiNH2 → Li2NH + NH3
LiH + NH3 → LiNH2 + H2

(2.9)
(2.10)

According to this, the combination of LiNH2 and LiH, with proper treatment, such
possible ball milling or the like, is necessary in order to better remove the ammonia
and reduce the NH3 contamination.
Among the other amides, Li-Mg-N-H is also a potential alternative as a promising
hydrogen storage materials owing to its good reversibility, better thermodynamic
properties, and comparatively high gravimetric density. The molar ratio between
Mg(NH2)2 and LiH is 1:2, and 5.5 wt.% H2 is adsorbed/desorbed following the
equation below:[47-50]
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Mg(NH2)2 + 2LiH → Li2Mg(NH)2 + 2H2

(2.11)

According to the calculations, this reaction can occur at 90 oC under 1 atm H2 with
desorption enthalpy of 39 kJ/mol-1. A detectable H2 desorption rate of the reaction was
only obtained above 200 oC, however, indicating poor kinetic properties. In terms of
kinetics and the solid state reaction pathways, Chen et al. proposed that the origin
kinetic barrier was the ternary imide that was formed on the interface and the mass
transport through the imide layer.[51] Thus, methods for decreasing the particle size and
improving the mixing of reagents are beneficial for attaining better kinetic properties.
2.2.3.2 Nanoconfinement of amides
Pan et Al. successfully prepared nanosized Li2MgN2H2 by sintering a mixture of
Mg(NH2)2-2LiNH2, then milling it for different times.[52] The sizes of samples
obtained by hand milling, ball milling for 3 h, and ball milling for 36 h are 800 nm to
100 nm, respectively. The onset hydrogen absorption temperature of Li2MgN2H2 with
a particle size of 100-200 nm is only 80 oC, and absorption of 3 wt % hydrogen could
be achieved at 180 oC. In addition, tremendously improved kinetics for hydrogenation
and dehydrogenation could be expected when the particle size is reduced down to
nanometer range. This suggests that decreasing the particle size is an efficient tool for
improving the hydrogen storage performance of metal-N-H systems. Additionally,
hollow LiNH2 spheres were successfully synthesized by plasma metal reaction on the
basis of the Kirkendall effect.[53] The sizes of the obtained LiNH2 nanoparticles were
in the range from 100-200 nm. The sample of hollow LiNH2 could adsorb 6 wt.%
hydrogen in 1 min at 200 oC, and there was also a decrease of 115 oC for hydrogen
desorption compared to the bulk LiNH2. As the nanosized particles easily grow larger
and agglomerate, however, their favorable properties are gradually lost within several
hydrogenation/dehydrogenation cycles.
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Figure 2.11 (a) SEM and (b) TEM images of the as-prepared Li2NH hollow
nanoparticles; (c) TEM image of the Li2NH hollow nanospheres annealed at 300 oC
under vacuum for 1 h; (d) TEM image of the Li2NH hollow nanospheres after
hydrogenation at 300 oC for 1 h under 35 bar of hydrogen; (e) mechanism for the
formation of the Li2NH hollow nanospheres.[53]
The first work on nanoconfining amides used LiN3 as the precursor to produce
confined Li3N in mesoporous carbon, as reported by Janot et al. The nano β-Li3N was
well stabilized by the mesoporous carbon.[54] The resulting Li3N@carbon composites
showed a reversible hydrogen storage capacity of 1.8 wt.%, which is equal to around
9 wt.% per mass of Li3N.
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2.3 Chemical hydrides
2.3.1

Introduction

Representative chemical hydride materials include ammonia borane (NH3BH3,
denoted as AB hereafter), metal amidoborane (denoted as MAB hereafter), and the
related metal borohydride ammoniate (denoted as MBA hereafter).
Ammonia borane is a special molecular solid consisting of NH3 and BH3 buliding
blocks held together by intermolecular dihydrogen bonds and dative B-N bonds.[55,56]
It has a hydrogen capacity of 19.6 wt.% and could release all bonded hydrogen
according to the Equation 2.12, yielding ~6.5 wt.% hydrogen below 100 oC.[57,58]

(2.12)
Although AB could quickly decompose when heated to 105 oC, the dehydrogenation
kinetics at moderate temperature is slow and normally has a long induction period.
Another major problem for using AB as a solid-state hydrogen storage alternative is
the simultaneous release of diverse volatile by-products, e.g., aminoborane, diborane,
borazine, and aminodiborane, during dehydrogenation.[59-61]
MAB is one of a series of derivatives of ammonia borane that is synthesized by
replacing one of the hydrogen atoms bonded with N in AB with an alkali or alkaline
earth element.[62-65] Due to the electron contribution from the metal to the N, B-H
bonds are weakened in MABs, which leads to improved reactivity of the hydridic H.
Therefore, MABs typically exhibit improved dehydrogenation kinetics with
suppressed volatile by-products compared with the parent AB.[66-68] For example,
LiNH2BH3 starts to desorb hydrogen at ~84 oC with a peak temperature of ~ 90 oC,
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and 11 wt.% hydrogen could be released at a temperature of 91 oC without detection
of any by-products.[69-71] Nonetheless, metal amidoboranes are kinetically unstable, so
that they may undergo spontaneous decomposition during storage and are a risk for
transportation. In addition, the efficient regeneration of the spent fuel is a big challenge
for MABs as practical hydrogen storage materials.

Figure 2.12 Dehydrogenation from alkali amidoboranes and post-milled AB at ~91
o

C.[69]

Recently, the investigation of metal borohydride ammoniates as potential hydrogen
storage materials has attracted tremendous attention.[72-77] MBAs with high hydrogen
capacities often exhibit much lower dehydrogenation temperatures compared with
their parent metal borohydride due to the dihydrogen elimination of hydrogen. For
instance, LiBH4·4/3NH3 with equivalent hydridic and protic hydrogen could release
17.8 wt.% hydrogen in a closed system between 135-250 oC, while a temperature
above 380 oC is required for the dehydrogenation of LiBH4. Furthermore, ammonia
could be used to stabilize unstable metal borohydrides with high electronegativity, e.g.,
Al(BH4)3·nNH3, which is induced by the direct coordination of ammonia with the
metal.[73,76]
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2.3.2

Nanoconfinement of chemical hydrides

Since AB can be easily dissolved in tetrahydrofuran, methanol, and diethyl ether,
the main method for the nanoconfinement of ammonia borane is solvent infiltration.
Autrey and co-workers demonstrated for the first time that AB could be encapsulated
in mesoporous silica.[78] The resulting nanoparticles of ammonia borane present
significant enhancements, such as enhanced dehydrogenation kinetics and
thermodynamics. Interfacial catalytic effects of the terminal SiO-H groups in the silica
templates were proposed as the major contribution to the enhancement of the
dehydrogenation performance. This finding points the way to a suitable strategy for
enhancing the hydrogen storage performance of chemical hydrides. Subsequently,
ammonia borane was impregnated into a coherent carbon cryogel via the solution
infiltration process.[79] As a result of the nanoconfinement effects of the carbon cryogel,
a dehydrogenation temperature below 90 oC was observed, as well as the suppression
of volatile borazine. Moreover, further investigation indicates that the adoption of
catalysts, such as Li and Pt, could exert a synergistic effect towards enhancing the
hydrogen storage performance of ammonia borane.[80,81] For instance, a hydrogen
capacity of ~7wt.% could be released from ammonia borane nanoconfined in Li-doped
CMK-3 at 60 oC. Following these works, various templates, such as carbon-based
porous hosts[82,83], MOFs[84-88], metal oxides[89], and polymer[90,91] have been
introduced to investigate the hydrogen storage properties of ammonia borane induced
by the synergistic effects of nanoconfinement and the catalytic effects of the particular
templates. As shown in Figure 2.13, 10.2 wt.% hydrogen could be released in only 10
min from AB inside JUC-32-Y at 95 oC, and it could desorb 8 wt.% hydrogen at 85
o

C. By comparison, no hydrogen could be detached from neat AB at this

temperature.[88]

59

Figure 2. 13 Dehydriding kinetics of ammonia borane nanoconfined in JUC-32Y.[88]
2.4 Mg-based hydrides
2.4.1

Introduction

Mg-based materials have been widely investigated as solid-state hydrogen storage
materials. The large hydrogen capacities (e.g., 7.7 wt.% for MgH2), great abundance
of Mg in the Earth’s crust, and the low cost of Mg constitutes the main advantages of
Mg-based materials as hydrogen storage candidates. Unfortunately, the high activation
energies of hydrogenation (100 kJ mol-1) and dehydrogenation (160 kJ mol-1) leads to
the extremely slow formation of MgH2 from Mg and H2, and very slow reversible
dehydrogenation from MgH2.[92-94] Therefore, a temperature higher than 300 oC is
required for common Mg to absorb hydrogen, and an even higher temperature is
needed for the reversible dehydrogenation to proceed because of the thermodynamic
stability. The sluggish kinetics is mainly attributed to the low hydrogen diffusion
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coefficient (4 × 10-13 and 1.5 × 10-16 m2 s-1 for bulk Mg and MgH2, respectively), a
sluggish dissociation rate of hydrogen on Mg (with 432 kJ mol-1 required to split
molecules of hydrogen), and the possible synthesis of MgO.[95]
Compared with the bulk substrates, a large part of the atoms would be located on the
surface when the particle size is made sufficiently small, and therefore, surface
adsorption and desorption would dominate the processes of both hydrogenation and
dehydrogenation. As a result, the features of both hydrogenation and dehydrogenation
could be changed via nanostructuring of Mg-based hydrides. A significantly decreased
energy for hydrogen absorption and desorption has been validated by different
theoretical calculations when the crystal size of Mg-based hydrides is reduced down
to a few nanometers.[96-101] For example, a desorption enthalpy of 37.55 kJ mol-1 H2
was achieved for MgH2 nanowires ~0.7 nm in diameter, which is half of the value for
their bulk counterpart.[102] According to this result, the dehydriding temperature is
calculated to be only 13.85 oC under an equilibrium pressure of 1 atm, which suggests
that reversible hydrogen storage could be achieved in MgH2 nanowires even at ambient
temperature. The effects of nanostructuring towards improving the hydrogen storage
properties of Mg-based hydrides have been experimentally verified. In 2007, Li et al.
fabricated Mg nanowires with diameters ranging from 30–170 nm by the vaportransport approach and clarified their size-controlled hydriding/dehydriding properties,
as shown in Figure 2.15.[103] At 300 oC, the Mg nanowires with the smallest diameter
absorbed 7.60 wt.% and desorbed 6.77 wt.% hydrogen within 30 min and 15 min,
respectively, while the nanowires with the largest diameter adsorbed 6.50 wt.% (Figure
2.16). In addition, Kondo-Franco and co-workers successfully prepared surfactantstabilized magnesium nanoparticles with a diameter of 5 nm by electrochemical
synthesis.[104] The as-prepared Mg nanoparticles could reversibly store ∼7.6 wt.%
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hydrogen at room temperature (1.34 wt.% taking the surfactant into account). At the
temperature of 85°C, the colloidal MgH2 starts to absorb hydrogen under a hydrogen
pressure of 300 Pa and fully desorbed its hydrogen within 5.3 h. The reduced stability
of the Mg nanoparticles could have been induced by the stabilizer and/or the high ratio
of surface to volume atoms.

Figure 2.14 Significant differences in the thermodynamic features (a) and the
electronic structures among molecules (b), nanowires (c) and bulk (d) of
Mg/MgH2.[102]
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Figure 2.15 SEM images of the Mg nanowires with diameters of 30–50 nm (a, b),
80–100 nm (c, d), 150–170 nm (e, f); TEM (g, h), and HRTEM (i) images of wires
(30–50 nm in diameter) with the corresponding fast Fourier transform (FFT) pattern
(inset to (i)).[103]

Figure 2.16 Hydrogen absorption (a) and desorption (b) of Mg nanowires (diameter
of 30–50 nm, triangles; 80–100 nm, circles; 150–170 nm, squares) at different
temperatures (373 K, black; 473 K, red; 573 K, blue). [103]
2.4.2

Nanoconfinemnt of Mg-based hydrides

The nanoconfinement of Mg-based hydrides was first achieved by melt infiltration,
due to the fact that no suitable solvent is available to dissolve Mg/MgH2 or its
precursors. By means of melt infiltration of molten Mg, de Jongh et al. first reported
the preparation of Mg nanoparticles nanoconfined in nanoporous carbon.[105] No bulk
magnesium could be detected if the loading capacity was lower than 15 wt%. This
indicates that molten infiltration is an effective way to nanoconfine Mg/MgH2.
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Subsequently, a suitable precursor to prepare MgH2 was found, i.e., dibutyl
magnesium (Mg(C4H9)2), which could be dissolved in hexane and form MgH2
according to the following Equation (2.13).[106,107] It provides a viable route to directly
prepare MgH2 nanoparticles via the solution infiltration process. For instance, Nielsen
et al. embedded MgH2 nanoparticles in porous scaffold materials (carbon aerogel
monoliths) through dibutyl magnesium.[107] The pore size of the scaffold material plays
a significantly important role in enhancing the hydrogen desorption kinetics of
nanoconfined MgH2. Further investigation proved that direct hydrogenation of dibutyl
magnesium inside the pores of carbon templates could lead to the formation of MgH2
nanoparticles with a size below 3 nm.[108] Due to the tremendous decrease in the
particle size, the activation energy for the hydrogen desorption is reduced by 52 kJ
mol-1 in comparison with its bulk counterpart (Figure 2.17). Recently, Konarova et al.
investigated the formation of MgH2 via wet infiltration in detail.[109] The TEM results
for Mg confined in SBA-15 revealed MgO impurities on the surface, while no MgO
phase was observed in MgH2 nanoconfined into CMK-3 (Figure 2.18). The
hydrogenation curves indicate that 3 wt.% hydrogen could be absorbed within 20 min
at 250 oC under 2 MPa hydrogen pressure. By comparison, bulk MgH2 and MgH2
nanoconfined in SBA-15 exhibit extremely slow kinetics.
Mg(C4H9)2 + 2H2 → MgH2 + 2C4H10 (2.13)
.
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Figure 2.17 Bright-field and dark-field mode TEM images of Mg nanoconfined in
nanoporous carbon.[105]

Figure 2.18 (i) Kissinger plots of the dehydrogenation of (a) commercial MgH2, (b)
a ball-milled composite of MgH2 and graphite, (c) nanoconfined MgH2; (ii) van’t
Hoff plots for the hydrogenation of the nanoconfined MgH2 and the bulk MgH2.[108]
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Figure 2.19 TEM images of MgH2 nanoconfined in (a) SBA-15 and (b) CMK-3; (c)
hydrogenation curves of nanoconfined MgH2 under 2 MPa hydrogen at 250 oC.[109]
It is well known that MgH2/Mg is highly reactive towards air, especially on the
nanometer scale, which would lead to significant formation of MgO. Accordingly,
Jeon et al. reported the synthesis of an air-stable composite that consisted of Mg
nanocrystals (NCs) in a gas-barrier polymer, i.e., poly(methyl methacrylate) (PMMA),
matrix , as shown in Figure 2.20.[110] PMMA could act as a suitable ligand for
nanosized Mg, let hydrogen in while holding back oxygen and water, and provide a
spatial structure for the volume expansion that metals undergo during absorption
cycling. This original Mg nanocomposite has large hydrogen storage capacity (up to 6
wt.% of Mg, 4 wt.% for the composite) and rapid kinetics (loading in < 30 min at 200
o

C) without using expensive heavy-metal catalysts. The synthesis method for this

fascinating nanocomposites broke a new path towards preparing novel low-cost, highcapacity hydrogen storage media.

66

Figure 2. 20 (a) Mg NCs in a gas-barrier polymer matrix. Schematic illustration of
composite material for hydrogen storage: high-capacity Mg NCs are encapsulated by
a selectively gas-permeable polymer (top left), with synthetic approach to the
formation of Mg NCs/PMMA nanocomposites (below). (b) High-resolution TEM
micrograph of as-synthesized Mg NCs/PMMA composites. Inset: Histogram and
cumulative distribution function of Mg particle size distribution, showing that the
average Mg NC diameter is 4.9 ±2.1 nm. (c) Atomic-resolution image of a single
Mg NC; (d) digital diffractogram of the Mg NC in (c), revealing the presence of
lattice fringes with a separation of 2.789 Å, in agreement with the (002) interplanar
d-spacing of hexagonal magnesium (JCPDS 04-0770, 2.7782 Å). Further analysis
shows evidence of a slight trigonal distortion in some of the nanocrystals studied. (e)
Enhancement in hydrogen absorption properties of Mg NCs/PMMA composite
(absorption at 200 ◦C and 35 bar) in comparison to bulk Mg. The Mg NCs/PMMA
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composite displays a calculated hydrogen absorption capacity value of 5.97 wt.% Mg
(∼4 wt.% total). Inset: Hydrogen absorption/desorption cycling at 200 ◦C.[110]
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CHAPTER 3 EXPERIMENTAL

3.1 General procedure
The general procedure of this work is summarized in Figure 3.1. Firstly,
nanoconfined hydrogen storage materials were synthesized via solution infiltration
and/or in-situ synthesis methods, and were further characterized by a series of physical
techniques to identify the as-prepared materials. Subsequently, the hydrogen storage
performance was investigated to verify the nanoconfinement-induced effects.

Figure 3.1 Outline of experimental procedures and techniques in this thesis.
3.2 Chemicals
All the chemicals were handled using an argon filled glove box (MBraun Unilab),
in which the water and oxygen were kept below 1 ppm, to avoid oxidation and
contamination with air. Detailed information on the materials adopted in this thesis is
presented in Table 3.1.
Table 3.1 List of the materials used in the experiments of this thesis.
Chemical

Formula

Purity (%)

Supplier
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Lithium borohydride

LiBH4

98

Sigma-Aldrich

Lithium aluminium

LiAlH4

98

Sigma-Aldrich

Lithium azide solution

LiN3

20 wt.%

Sigma-Aldrich

Zinc chloride

ZnCl2

99.99

Sigma-Aldrich

Sodium borohydride

NaBH4

98

Sigma-Aldrich

Tetrahydrofuran

C4H8O

99.999

Sigma-Aldrich

SBA-15

SiO2

n/a

Nanjing

hydride

XFNANO
Materials Tech
Mesoporous carbon

C

n/a

Nanjing
XFNANO
Materials Tech

Poly(vinyl alcohol)

[CH2CH(OH)]n
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Alfa Aesar

Ammonia borane

BH3NH3

98

Sigma-Aldrich

Lithium nitride

Li3N

99.4

Sigma-Aldrich

Potassium stannate

K2SnO3·3H2O

99.9

Sigma-Aldrich

Urea

CO(NH2)2

99

Sigma-Aldrich

Glucose

C6H12O6

99.5

Sigma-Aldrich

2,2,2-trifluoroethanol

CF3CH2OH

99

Sigma-Aldrich

Magnesium chloride

MgCl2

98

Sigma-Aldrich

Mw = 88000

trihydrate
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3.3 Synthetic method
The synthetic methods adopted in this thesis are briefly summarized as follows, and
the experimental procedures for each topic will be discussed in detail in their
respective chapters.
3.3.1

Ball milling

The ball-milling process in this thesis was carried out in a QM-3SP2 planetary ball
mill machine purchased from Nanjing University Instrument Plant, as shown in Figure
3.2. Two or four milling jars with balls made of stainless steel (Figure 3.2(b)) can be
simultaneously milled. As schematically illustrated in Figure 3.2(c), the grinding jars
are arranged in such a way that each moves around its own axis and, in the opposite
direction, around the common axis of the sun wheel when the turn-plate rotates.

Figure 3.2 (a) QM-3SP2 planetary ball mill machine, (b) grinding jars and balls, and
(c) schematic illustration of milling process.
3.3.2

Solution infiltration

Hydrogen storage materials were nanoconfined in various templates via solution
infiltration through capillary action as illustrated in Figure 3.3. Firstly, the adopted
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templates were thermally treated to remove moisture and/or oxygen. Subsequently, a
solution containing the hydrogen storage materials was mixed with the templates via
ultrasonication for complete infiltration. Finally, the solvent was removed at room
temperature under dynamic vacuum.

Figure 3.3 Schematic illustration of nanoconfinement via solution infiltration.
3.3.3

Electrospinning

Electrospinning is a simple and versatile technique to produce nanofibers using high
electrostatic forces. Four major components, i.e., a metallic needle, a syringe to contain
the precursors, a grounded conductive collector, and a direct current power supply, are
required for electrospinning.
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Figure 3.4 Schematic representation of the set-up for electrospinning. The inset is a
sketch of the electrified Taylor cone.
3.4 Physical and Structural Characterization
3.4.1

Scanning Electron Microscopy

The scanning electron microscope (SEM) is a type of electron microscope and is
one of the main tools to verify the morphology of the as-prepared nanoparticles. The
SEM adopted in this work was a JOEL 7500F, which could achieve a resolution better
than 1 nm under optimized conditions. For less conductive materials, a thin layer of
platinum was sputtered on the surface of the samples.
3.4.2

Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopic method in which a beam
of electrons is transmitted via an ultra-thin specimen, and then interacts with the
sample when it passes through. Subsequently, an image of the sample is formed and
magnified, and focused onto an imaging device. Due to the small de Broglie
wavelength of electrons, a significantly high resolution of images could be obtained.
The TEM adopted in this experiment was a JEOL 2011 (200 keV).
3.4.3

X-ray diffraction

X-ray diffraction (XRD) was the predominant tool for the qualitative analysis of the
prepared samples during hydrogen storage measurements. In order to avoid oxidation
during the XRD measurements, samples were loaded onto a glass slide 1 mm in
thickness in an Ar-filled glovebox, which was further sealed with amorphous tape. The
XRD diffractometer used in this work was a D8 Advance (Bruker AXS) with Cu Kα
radiation.
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3.4.4

Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a widely used technique to
determine the types of chemical groups within a compound. The FTIR instrument
adopted in this study was a Magna-IR 550 II, Nicolet, and the samples were measured
within a multiple internal reflection (MIR) scan range of 500-4000 cm−1. Samples for
FTIR tests were obtained through grinding with KBr powder and pressing the mixture
into a sample cup in the glove box.
3.4.5

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
technique that measures the elemental composition in the parts per thousand range,
along with the chemical states, empirical formula, and electronic states of the elements.
The XPS equipment adopted in this work was a Perkin Elmer PHI 5000C ESCA
system equipped with a dual X-ray source, in which an Mg Kα (1253.6 eV) anode and
a hemispherical energy analyzer were used. The background pressure during data
acquisition was maintained at < 10−6 Pa, and measurements were performed at a pass
energy of 93.90 eV. All binding energies were calibrated using contaminant carbon (C
1s = 284.6 eV).
3.5 Hydrogen storage measurements
3.5.1

Kinetics, thermodynamics, and cycling performance

The hydrogen storage properties of all the samples were tested on a Sieverts
apparatus. The Sieverts apparatus adopted in this research was a Gas Reaction
Controller (GRC) from the Advanced Materials Corporation, USA (Figure 3.5).
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The GRC could be used to quantitatively analyze the gas-solid reaction. A
controlled amount of gas is firstly introduced into the reaction chamber containing the
sample with a accurate volume parameters. Therefore, the amount of gas absorbed
and/ore desorbed by samples could be determined by monitoring the change of
pressure and calculating the amount according to the gas equation.

Figure 3.5 GRC instrument from Advanced Materials Corporation of the USA.
3.5.2

Thermogravimetric analysis and mass spectra

Thermogravimetric analysis (TGA) was adopted to determine the changes of weight
in relation to the change of temperature during hydrogenation and/or dehydrogenation,
while mass spectra (MS) is an analytical technique used to determine the released gas
during the TGA measurement. In this study, TGA (Netzsch STA 449 F3) connected
to a mass spectrometer (Hiden HPR 20) was conducted in a glove box filled with Ar
using various heating rates under dynamic argon with a purge rate of 80 ml min-1. The
detailed parameter for each experiment could be found in the experimental section of
relative chapter.
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4 CHAPTER 4 STABILIZATION OF NAZN(BH4)3 VIA
NANOCONFINEMENT IN SBA-15 TOWARDS ENHANCED
HYDROGEN RELEASE
4.1 Introduction
Complex metal borohydrides have been regarded as one of most promising systems
for hydrogen storage in the light of their high hydrogen capacities.[1,2] During the past
decades, intensive research has been performed on the synthesis and modification of
these compounds so as to enhance their hydrogen storage properties.[3-5] The
dehydrogenation temperatures of these candidates are still too high for practical lowtemperature applications, however, because of their thermodynamic stability due to
the strong B-H interactions, which is the main source for hydrogen release from
borohydrides.[6-8] Recently, a credible correlation between the dehydrogenation
temperature and the Pauling electronegativity, χp, (since the decomposition
temperature of metal borohydrides decreases with increasing χp of the metal cations)
was provided by means of first-principles calculations and experiments on the
thermodynamic stability of metal borohydrides, M(BH4)n (M = Li, Na, K, Cu, Mg, Zn,
Sc, Zr, and Hf, n = 1-4), demonstrating a viable strategy for the development of new
metal borohydrides with advantageous dehydrogenation properties via regulating the
χp of the relevant metal cations.[9] It is also well known, however, that less stable metal
borohydrides, due to the presence of relevant metal cations with high χp, release
considerable amounts of diborane by-products in conjunction with the liberation of
hydrogen, prohibiting their practical application as hydrogen storage materials in fuel
cells.[10] Thus, a feasible approach is also desirable to achieve a compromise between
the favorable release of hydrogen and the thermodynamic stability of metal
borohydrides.
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Recently, a series of dual-cation (M, Zn) compounds (M = Li, Na) formed by ball
milling ZnCl2 and MBH4 (M = Li, Na),along with MCl (M = Li, Na) by-products, i.e.,
LiZn2(BH4)5, NaZn2(BH4)5, and NaZn(BH4)3, in which Zn2+ has a high χp of 1.65, were
demonstrated experimentally and theoretically to undergo thermal decomposition of
hydrogen below 100 oC, which is much lower than for other pure metal borohydrides,
e.g., LiBH4, NaBH4, Mg(BH4)2, and Ca(BH4)2, giving these dual-cation compounds
remarkable potential to be practical for hydrogen storage applications.[11-15] We have
recently realized the purification of NaZn(BH4)3, using a wet-chemical route with
separation of the NaCl formed during synthesis, which significantly increases the
practical hydrogen capacity of this system.[16] It has to be borne in mind, however, that
as a result of the instability of Zn-based borohydrides, large amounts of boranes are
released during pyrolysis, which is substantially harmful to proton exchange
membrane fuel cells (PEMFC), reduces the effective hydrogen capacity, and decreases
possibilities for reversibility. Therefore, suppression of boranes released during its
decomposition is of vital importance for application of NaZn(BH4)3 as a hydrogen
storage material.
On the other hand, after several years of exploration, entrapping hydrogen storage
materials within the nanopores of solid mesoporous templates has been found to serve
as an effective tool for enhancing the hydrogen storage properties of these materials,
in such aspects as improved kinetics and thermodynamics for the hydrogen release
reaction, as well as effective suppression of volatile gases.[17-30] For example, by
confining ammonia borane (AB) in templates such as Li-doped mesoporous carbon
(Li-CMK)[31] and metal organic frameworks (JUC-32-Y)[32], the dehydrogenation
kinetics of ammonia borane at lower temperature was substantially increased, together
with the total suppression of both borazine and ammonia. Moreover, the recyclable
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dehydrogenation of ammonia borane was effectively achieved within graphene oxidebased hybrid nanostructures.[33] In regards to the pure borohydrides, numerous
encouraging nanostructured or nanoporous materials have been adopted to modify the
hydrogen storage properties of LiBH4, such as carbon nanotubes, carbon fibers,
mesoporous silica, nanoporous carbon, and metal-organic frameworks (MOFs),
demonstrating that nanoconfinement is an effective way to improve the hydrogen
desorption/absorption properties of borohydrides.[34-38] In particular, LiBH4 that is
nanoconfined via SBA-15 as a scaffold exhibits enhanced hydrogen desorption
properties, with desorption starting at 150 oC, which is more than a 200 oC reduction
compared with the bulk LiBH4, confirming that SBA-15 is a suitable template for
nanoconfinement of hydrogen storage materials.[36] Therefore, by taking advantage of
the unique properties of hydrogen storage materials as nanoparticles, specifically
based on their high surface-to-volume ratios, leading to shorter diffusion paths for
hydrogen liberation from substrates, SBA-15 was applied as a scaffold to investigate
the size effect on the desorption properties of NaZn(BH4)3 on the nanoscale.
4.2 Experimental section
4.2.1 Preparation of NaZn(BH4)3-THF solution
For the preparation of NaZn(BH4)3 in THF, anhydrous THF (~ 16 mL) was first
transferred in an argon atmosphere into a 50 mL ball-milling vessel containing 11 mm
diameter stainless steel spheres, with a ball-to-powder ratio of 30 : 1, followed by the
addition of NaBH4 (1.135 g) and ZnCl2 (1.3631 g). To minimize heating in the vessel,
the milling process was paused for 12 min after every 30 min milling, with 40 cycles
at 300 rpm. After the ball-milling procedure, centrifugation for around 30 min in a
sealed tube under Ar atmosphere was applied to separate the transparent NaZn(BH4)3-
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THF solution from the precipitated by-products (e.g., NaCl), which were characterized
by X-ray diffraction (XRD) as shown in Figure 4.1. Neat NaZn(BH4)3 was then
prepared by vacuum-drying NaZn(BH4)3-THF solution (Figure 2) under vacuum at
room temperature for 48 h.

Figure 4. 1 XRD spectrum of the sediment after centrifugation during the synthesis
of NaZn(BH4)3.

Figure 4. 2 High-resolution synchrotron X-ray diffraction (λ = 0.6190 Å) spectrum
of the as-synthesized NaZn(BH4)3.
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4.2.2 Preparation of Control Sample
A mixture of NaZn(BH4)3 with SBA-15 as a control sample was ball milled with a
weight ratio of 1:3 via a planetary QM-1SP2 for 1 h. The ball-to-powder ratio was
30:1 with a milling speed of 250 rpm. Due to the relatively lower onset temperature of
decomposition (approximately 100 oC),[5,12,16] the milling procedure was carried out
by alternating between 6 min of milling and 6 min of rest. In order to prevent
contamination by air, all handling and manipulation of the materials were performed
in the argon-filled glove box with a recirculation system to keep the H2O and O2 levels
below 1 ppm.
4.2.3 Preparation of loaded NaZn(BH4)3/SBA-15 composite
In this case, NaZn(BH4)3 was loaded into SBA-15 by the typical infusion method
via capillary action. Typically, 25 drops of NaZn(BH4)3-THF solution were added to
SBA-15 (~0.2 g) in the glove box, the mixture was then ultrasonicated for 2 h at around
25 oC, and finally, the solvent was removed at room temperature under vacuum over
48 hours to yield the target compound. Meanwhile, the weight of the sample before
and after every treatment was monitored by an electronic balance.
4.3 Results and discussion
4.3.1

Sample determination

In order to confirm the successful infiltration of NaZn(BH4)3 into mesoporous SBA15, XRD, FTIR, NMR, BET, SEM, and TEM measurements on pure SBA-15, and the
loaded and ball-milled NaZn(BH4)3/SBA-15 composites were conducted. From the
increased weight of SBA-15 after NaZn(BH4)3 incorporation, a weight loading rate of
24 wt. % is deduced for the loaded composite. In the XRD results, as shown in Figure
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4.3, a broad peak was present in the range of 2 theta from 20 o to 40o for all samples
involving SBA-15, as a consequence of the components for amorphous silica that are
present in SBA-15. With respect to the control sample of ball-milled
NaZn(BH4)3/SBA-15 composite, peaks belonging to NaZn(BH4)3 are present,
indicating that only a physical mixture was produced during the ball-milling process.
In contrast to the ball-milled composite, peaks indexed to NaZn(BH4)3 are absent from
the loaded NaZn(BH4)3/SBA-15 sample, which can be attributed to the
nanoconfinement of NaZn(BH4)3 inside the pores of SBA-15, indicating the superior
dispersion of NaZn(BH4)3 in the mesopores in comparison to the control sample. In
the search for further evidence for the effective infiltration of NaZn(BH4)3 into the
pores of SBA-15, N2 adsorption/desorption analysis was employed to verify the
specific surface area together with the cumulative pore volume of the mesoporous
SBA-15. As we can see from Figure 4.4 and Table 4.1, both the BET surface area and
the cumulative pore volume of SBA-15 after encapsulation of NaZn(BH4)3, 13.6 m2 g1

and 0.03 cm3 g-1, respectively, are substantially reduced, concurrent with a significant

reduction of the intensity of the BJH pore size distribution, in comparison to SBA-15
without loading, providing further confirmation of successful encapsulation of
NaZn(BH4)3 in the mesopores of SBA-15.
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Figure 4. 3 X-ray diffraction patterns of pure SBA-15, ball-milled
NaZn(BH4)3/SBA-15 composite, and loaded NaZn(BH4)3/SBA-15 along with its
products after dehydrogenation to 200 oC.

Figure 4. 4 Pore size distributions for (a) the mesoporous SBA-15 and (b) the loaded
NaZn(BH4)3/SBA-15 composite from the BET results. The inset shows the
corresponding nitrogen adsorption and desorption isotherms.
Table 4. 1 BET and Langmuir surface areas, and total pore volume of the
mesoporous SBA-15 with and without NaZn(BH4)3 loading.

Owing to the amorphous state of nanoconfinement of NaZn(BH4)3 into SBA-15 on
the basis of the XRD results, both FTIR and NMR spectra were collected to further
characterize the NaZn(BH4)3 inside the pores of SBA-15. In addition to the peak at ~
1100 cm-1 assigned to the vibration of the Si-O-Si moiety as shown in the FTIR
spectrum (Figure 4.5), peaks of B-H bonds at 1120 cm-1, attributed to bending modes,
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and in the region of 2200-2400 cm-1, also attributed to bending modes, which were
quite analogous to those of the as-prepared NaZn(BH4)3, were observed after the
infiltration of NaZn(BH4)3 into SBA-15, suggesting that NaZn(BH4)3 exists inside the
pores of SBA-15 as fine crystallites. Moreover, for the as-prepared and nanoconfined
NaZn(BH4)3, the absence of characteristic peaks of C-H bonds (Figure 4.6) in the range
of 2800-3000 cm-1 indicates the complete removal of THF. It is interesting to see,
however, that the intensity of B-H vibrations of nanoconfined NaZn(BH4)3 was
significantly decreased compared with pure NaZn(BH4)3, while there was also
increased intensity of the O-H vibrations compared with pure SBA-15, which presents
only a slight peak due to O-H vibrations. This is indicative of weakened B-H bonds
and a possible attractive interaction between O of SBA-15 and H of the BH4 group
after incorporation of nanoscale NaZn(BH4)3 into SBA-15. Furthermore,
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B NMR

spectra revealed that typical resonances of BH4-1 groups centered at -42 ppm and -45.2
ppm for the synthesized NaZn(BH4)3 could be assigned to BH4 groups related to Na+
and Zn2+, respectively, in agreement with the literature[16], while the resonances of
BH4-1 groups of NaZn(BH4)3 after infiltration into SBA-15 have a roughly 1.6 ppm
shift to the downfield region, which was also observed for a LiBH4 - MgBH4 mixture
after infiltration into carbon pores[40]. This result indicates the increased electron
density of boron in NaZn(BH4)3 due to the different chemical environment induced
upon nanoconfinement compared to pure NaZn(BH4)3. The downfield shift of BH4
groups in the NMR spectra can be mainly attributed to (1) the attractive interaction
between O of SBA-15 and H of the BH4 moiety, as indicated by the FTIR spectra,
which will weaken electron withdrawal by H from B in the BH4 group and, vice versa,
result in increased electron density of atomic B; and (2) the possible shielding effect
of lone-pair electrons of O atoms from SBA-15 on the resonances of boron in the
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NaZn(BH4)3 inside the pores of SBA-15, at least to a certain degree, indirectly
demonstrating the successful infiltration of NaZn(BH4)3 into SBA-15. In addition, a
low peak with a broad shoulder pertaining to amorphous boron in the region of 16 to 20 ppm appears in the NMR spectra of nanoconfined NaZn(BH4)3 in SBA-15,
originating from possible decomposition during solid state NMR measurements,
owing to its relatively much lower dehydrogenation temperature in contrast to pure
NaZn(BH4)3 (as discussed below).

Figure 4. 5 FTIR (left) and 11B MAS solid-state NMR (right) spectra of SBA-15,
ball-milled NaZn(BH4)3/SBA-15 composite, and loaded NaZn(BH4)3/SBA-15.
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Figure 4. 6 FTIR spectra of the as-prepared NaZn(BH4)3 and loaded
NaZn(BH4)3/SBA-15 in the range of 2000-3000 cm-1.
The surface morphology changes for the nanoconfined NaZn(BH4)3 before and after
dehydrogenation were obtained through SEM and high resolution TEM (HRTEM)
images. As shown in Figure 4.7(b), after vacuum drying, agglomeration due to the
thus-crystallized NaZn(BH4)3 is obviously absent on the surfaces of SBA-15, while
the Si map agrees well with the structure of the SBA-15 and the Zn map corresponds
well with the Si map from the energy dispersive spectroscopy (EDS) elemental maps
for the loaded compound (Figures 4(d-f)), suggesting good dispersion of NaZn(BH4)
inside the pores of SBA-15. The TEM images in Figure 4.9 show the distribution of
NaZn(BH4)3 in the channel pores of the samples before and after dehydrogenation.
The characteristic hexagonal arrays of uniform channels with the typical honeycomb
appearance of SBA-15 material (Figure 4.8), presenting a channel diameter of around
6.5 nm, were definitely observed, in accordance with the average pore diameter of
approximately 6 nm derived from the BET results. Additionally, dark domains and
spots inside the mesopores of SBA-15, resulting from the nanoconfined NaZn(BH4)3
and/or its decomposed products, denoted by arrows, are apparent, with EDS elemental
maps of Si coinciding with those of Zn and Na, providing strong confirmation for the
incorporation of NaZn(BH4)3 into SBA-15. Moreover, it should be pointed out that the
pore structure of the loaded samples, after heat treatment to 200 oC (Figures 4.9(c, d)),
remains intact, which agrees well with the SEM images of the loaded samples (Figures
4.7 (b, c)) regardless of whether or not they had experienced heat treatment,
demonstrating that SBA-15 can effectively maintain its nanoconfinement effects on
the NaZn(BH4)3 inside its pores throughout the process for hydrogen desorption.
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Based on the above-mentioned characterization, we can, therefore, conclude that
NaZn(BH4)3 was indeed incorporated into SBA-15 in nanoscale form and/or blocked
the pores of SBA-15 by dint of infusion through the capillary effect.

Figure 4. 7 SEM images of (a) pure SBA-15 for comparison, (b) loaded
NaZn(BH4)3/SBA-15 after vacuum drying, (c) the products after dehydrogenation to
200 oC, and the corresponding EDS maps of Si (e) and Zn (f), corresponding to
image (d), collected before dehydrogenation.
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Figure 4. 8 TEM image of loaded NaZn(BH4)3/SBA-15 composite in the direction of
the pore axis.
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Figure 4. 9 HRTEM images at different magnifications of the loaded
NaZn(BH4)3/SBA-15 before (a, b) and after (c, d) dehydrogenation; TEM image
before dehydrogenation (e) and the corresponding EDS maps of Si (f), Zn (g), and
Na (h).
4.3.2

Hydrogen desorption properties

To explore the effects of SBA-15 as the scaffold on the hydrogen storage properties
of nanoconfined NaZn(BH4)3, a comparison of the thermal decomposition
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performance of the as-prepared NaZn(BH4)3, the NaZn(BH4)3 loaded into SBA-15,
and the ball-milled NaZn(BH4)3/SBA-15 composite as control sample was conducted
by employing TGA and MS in tandem with volumetric measurements, as shown in
Figures 4.10 and 4.11(a). The decomposition of the as-prepared NaZn(BH4)3 in the
temperature range of 80-200 oC is similar to what was previously reported16, with a
weight loss of ~ 29 wt. %, accompanied by the release of a multitude of borane families,
e.g., BH3 and B2H6, which is further verified by the much lower amount of hydrogen
release in comparison with its theoretical content, with only 1.35 mol of gas liberated
during the thermolysis procedure, according to the volumetric results expressed with
respect to the content of NaZn(BH4)3 in the sample under the same conditions,
indicating a significantly reduced amount of effective hydrogen. In the case of the ballmilled mixture of NaZn(BH4)3 with SBA-15, as most NaZn(BH4)3 is present outside
of the SBA-15, instead of being incorporated into the nanopores of SBA-15, it
undergoes a decomposition process that is comparable with that of pure NaZn(BH4)3,
exhibiting a 24.1 wt. % weight loss, which is much more than its theoretical hydrogen
storage capacity (9.1 wt. %), but with only 1.4 mol of released gas from volumetric
results. In contrast, from the MS spectra of NaZn(BH4)3 nanoconfined in SBA-15, only
hydrogen was detected over the whole thermolysis process, coupled with a total
suppression of BH3 and/or B2H6. In addition, the onset decomposition temperature of
NaZn(BH4)3 infiltrated into SBA-15 decreased to around 50 oC, along with one peak
at 112 oC, which is slight lower than those of pure NaZn(BH4)3 and the control sample
(~ 120 oC). Furthermore, the weight loss (6 wt. %) is in good agreement with the
volumetric results, with around 3.98 mol of gas released upon heating, accounting for
99 % of theoretical hydrogen capacity, which further confirms the complete repression
of release of boric by-products. The weight loss process for dehydrogenation ends
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before 150 oC, in concurrence with the MS spectra, which is much lower than for pure
NaZn(BH4)3, clearly demonstrating that the nanoconfinement of NaZn(BH4)3
facilitates the kinetics of hydrogen release.

Figure 4. 10 TGA (left) and MS (right) results for pure NaZn(BH4)3 (black line),
ball-milled NaZn(BH4)3/SBA-15 (red line), and loaded NaZn(BH4)3/SBA-15 (blue
line), with a heating rate of 2 oC/min under dynamic argon atmosphere. The right
axis of the TGA chart gives the amount of weight loss relative to the mass of
NaZn(BH4)3 only.

Figure 4. 11 (a) Volumetric gas release measurements for pure NaZn(BH4)3(black
line), ball milled NaZn(BH4)3/SBA-15 (red line) and loaded NaZn(BH4)3/SBA-15
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(blue line), with a heating rate of 2 oC/min under 1 atm argon, expressed with respect
to the content of NaZn(BH4)3 only, and (b) isothermal volumetric results for gas
release from loaded NaZn(BH4)3/SBA-15 composite at 80 oC, 90 oC, 100 oC, and 110
o

C, and for neat NaZn(BH4)3 at 110 oC. The inset shows a comparison of the
Arrhenius plots of the temperature-dependent rate data of the loaded
NaZn(BH4)3/SBA-15 composite (●) and the pure NaZn(BH4)3 (○).

Figure 4. 12 Isothermal volumetric results for gas release from as-prepared
NaZn(BH4)3 at 100 oC, 110 oC, 120 oC, and 130 oC.
Better information on the decomposition properties of nanoconfined and bulk
NaZn(BH4)3 was gained via isothermal dehydrogenation at different temperatures
through the method of volumetric gas release measurements, as shown in Figures
4.11(b) and 4.12, to investigate the dehydrogenation kinetics. As expected, the
hydrogen desorption kinetics increases as the relative operating temperature increases.
The results reveal that hydrogen release from the nanoconfined NaZn(BH4)3 proceeds
slowly at the temperature of 80 oC, evolving about 2 wt. % hydrogen within 250 min.
Upon heating, nanoconfined NaZn(BH4)3 could release around 3 wt. % hydrogen in
200 min at 90 oC and slightly more than 4 wt. % within 150 min at 100 oC. Specifically,
5.7 wt. % hydrogen, accounting for 95% of its theoretical hydrogen capacity, was
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released from NaZn(BH4)3 after encapsulation in SBA-15 in only 90 min, while merely
0.5 mol gas was released from pure NaZn(BH4)3 at the same temperature, even with
time extension to 300 min, which is much less than the hydrogen release capacity of
the nanoconfined NaZn(BH4)3 even at 80 oC. Clearly, a significant enhancement of the
hydrogen release kinetics of NaZn(BH4)3 after encapsulation into SBA-15 is achieved
due to the formation of nanocrystals, resulting in shorter diffusion paths for hydrogen
spillover from the substrate, which lowers the kinetic dehydrogenation barrier. In order
to quantitatively characterize the kinetic properties, Arrhenius plots of ln k were
collected (where k is the reaction rate constant (s-1)) versus 1/T (where T is the absolute
temperature for relative hydrogen release), as shown in the inset of Figure 4.11(b). The
plots exhibit good linearity for the nanoconfined NaZn(BH4)3. By conducting a linear
fit of the data points, the apparent activation energy Ea for hydrogen release from
nanoconfined and bulk NaZn(BH4)3, by virtue of Arrhenius equation (k = A exp (Ea/(RT))), can be calculated to be only 38.9 kJ mol-1 and 44.2 kJ mol-1, respectively.
This directly confirms the enhancement of kinetics for NaZn(BH4)3 confined in
mesopores of SBA-15. To the best of our knowledge, this is the first example of
successful stabilization of a Zn-based metal borohydride via the nanoconfinement
technique so as to achieve a pure hydrogen release, in tandem with enhanced hydrogen
release kinetics, making NaZn(BH4)3 a promising hydrogen storage material for
practical application.
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4.3.3

Hydrogen desorption properties

Figure 4. 13 XRD spectrum of the products of the decomposition of NaZn(BH4)3
after heating to 200 oC.

Figure 4. 14 11B MAS solid-state NMR (left) and FTIR (right) spectra of (a) pure
NaZn(BH4)3 and (b) loaded NaZn(BH4)3/SBA-15 composite after decomposition to
200 oC under 1 atm argon.
In the light of the above discussion, the confinement of NaZn(BH4)3 in SBA-15 on
the nanoscale, giving rise to shorter diffusion paths for hydrogen evolution, is the main

103

factor responsible for enhancing the hydrogen desorption properties, similar to what
has been observed in other nanoconfined hydrogen storage materials[17-35]. Further
investigation of the effects of SBA-15 as scaffold on the decomposition mechanism
was conducted, in order to unravel the mechanism for improvement of the
thermodynamics of hydrogen release. The XRD pattern (Figure 4.13) of NaZn(BH4)3
after decomposition to 200 oC demonstrates the formation of Zn and NaBH4, without
the appearance of any boron peaks due to its amorphous structure, which corresponds
well with the results in a previous report[16]. Only peaks indexed to Zn are observed,
however, for the dehydrogenated product of NaZn(BH4)3 loaded into SBA-15, with no
presence of NaBH4 (Figure 4.3). As apparent BH4-1 groups corresponding to NaBH4
centered at – 44.2 ppm were detected in the NMR spectra, in addition to the B-H bonds
in both bending and stretching mode, as witnessed by the FTIR spectra (Figure 4.14),
the disappearance of NaBH4 from the XRD spectra may have resulted from its uniform
dispersion in the mesoporous SBA-15 due to its amorphous and/or nanophase structure.
This is directly confirmed by the TEM results (Figures 4.9(c, d)), which exhibit
nanocrystals of products inside the mesopores of SBA-15 after hydrogen desorption.
Simultaneously, the intensity of O-H interaction vibrations was decreased with
decreasing intensity of B-H bond vibrations, suggesting that the presence of O-H
interactions may promote hydrogen release from NaZn(BH4)3. With regard to the
NMR spectra of the dehydrogenated products, the disappearance of peaks assigned to
the BH4 group linked to Zn2+ in NaZn(BH4)3 with and without infiltration into SBA15 confirms the complete decomposition of the BH4 group linked to Zn2+,
demonstrating the relatively unstable character of metal borohydrides with metal
cations of a high Pauling electronegativity χp. Compared with the products of
decomposition of pure NaZn(BH4)3, similar phenomena were observed in the NMR
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spectra of the raw materials, with 0.6 ppm of downfield shift for the BH4 group in the
dehydrogenated NaZn(BH4)3 after infiltration into SBA-15. In addition, the ratio of
the intensity of amorphous elemental B to that of the BH4 group increased for
dehydrogenated NaZn(BH4)3 infiltrated into SBA-15 towards that of pure NaZn(BH4)3,
illustrating that NaZn(BH4)3 infiltrated into SBA-15, under the attractive interaction
of O in SBA-15, finds it preferable to form boron by releasing hydrogen instead of
BH3 or B2H6, resulting in both suppression of gases that are detrimental for fuel cells
and relatively higher hydrogen capacity. Based on the above facts, i.e., the formation
of NaBH4, amorphous B, and Zn along with the release of pure hydrogen upon
decomposition, the decomposition process of the nanoconfined NaZn(BH 4)3 can be
expressed as follows:
NaZn(BH4)3 (on nanoscale) → NaBH4 + Zn + B + 2H2

(4.1)

The above decomposition reaction delivers a theoretical hydrogen capacity of 6
wt. %, i.e., 4 equiv. H2 per NaZn(BH4)3 formula unit, agreeing well with the observed
experimental results (Figure 4.10 and Figure 4.11(a)). The hydrogenation of the
decomposition products, however, was unsuccessful via solid-state reaction at 400 oC
under 10 MPa H2.
4.4 Results and discussion
Nanoconfinement of NaZn(BH4)3 in mesoporous SBA-15 was successfully realized
by typical infusion via capillary action. Compared with pure NaZn(BH4)3,
NaZn(BH4)3 infiltrated into SBA-15 displays significantly enhanced hydrogen release
properties, including complete suppression of boranes and improved hydrogen release
kinetics, offering pure hydrogen release in the temperature range of 50 to 150 oC. Our
results indicate that nanoscale NaZn(BH4)3 obeys a completely different
decomposition mechanism from its bulk counterpart, which enables unstable
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borohydrides to release pure hydrogen rather than undesirable boranes, providing a
viable strategy for improving the hydrogen desorption properties of relatively unstable
metal borohydrides with high Pauling electronegativity for superior hydrogen release
kinetics under lower temperature by designed nanostructures.
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5

CHAPTER 5 EFFECTS OF NANOCONFINEMENT ON THE
HYDROGEN SORPTION PERFORMANCE OF 2LIBH4-LIALH4
COMPOSITES

5.1 Introduction
In general, the partial dehydrogenation of LiBH4 can yield 13.8 wt. % H2, leading
to the formation of a mixture of amorphous boron and lithium hydride, although
possibly in more than one step. Unfortunately, the application of LiBH4 as a solid-state
hydrogen storage medium is encumbered by both thermodynamic and kinetic
deficiencies due to the strong bonding of atoms; i.e., the standard reaction enthalpy
(ΔH) of ~ 67 kJ mol-1 H2 for LiBH4 decomposition translates to a thermodynamic
desorption temperature of 410 oC at 1 bar, with only half of the hydrogen content
released below 600 oC, and, more importantly, the subsequent partial H2 uptake only
takes place under extreme conditions (600 oC, 150 bar H2) [1-3].
In order to overcome the above-mentioned barriers, several effective approaches
have recently been adopted to modify the thermodynamics and kinetics of both the
dehydrogenation and the rehydrogenation of LiBH4. One novel strategy is to develop
reactive hydride composites or the so-called destabilization composites consisting of
borohydrides and metallic hydrides [4-8]. By the reaction of metallic borohydrides with
metallic hydrides, thermodynamic tuning is accessible to adjust equilibrium
temperatures and pressures towards reversible H2 release/uptake for hydrogen storage
application, owing to the formation of thermodynamically stable metal boride

[8]

.

Typically, the combination of MgH2 with LiBH4 reversibly releases 8-10 wt. % H2
within two cycles, with a reaction enthalpy of 40.5 kJ mol-1 H2, which is 25 kJ mol-1
H2 lower than that of pure LiBH4, according to Eq. (5.2) [8]. Moreover, the equilibrium
temperature for the decomposition of LiBH4 using Al from LiAlH4 as a destabilization
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agent, with the formation of AlB2, is calculated to be 188 oC under 1 bar H2, which is
220 oC lower than that of pure LiBH4 [9]. Therefore, the formation of relatively stable
MgB2/AlB2, instead of pure boron from the decomposition of pure LiBH4,
thermodynamically destabilizes the hydrogenation/dehydrogenation of LiBH4 towards
the optimized desorption temperature [5, 8-21].
2LiBH4 + MgH2 ↔ 2LiH + MgB2 + 4H2
2LiBH4 + LiAlH4 ↔ 3LiH + AlB2 + 9/2H2

(5.2)
(5.3)

The kinetic barriers, however, result in a practical operating temperature for H2
liberation of LiBH4 destabilized by Al that is over 300 oC, and the kinetics of the H2
ab-/desorption in Eq. (5.3) is still slow at temperatures below 500 oC

[12, 14, 15, 22]

.

Moreover, the sustainable reversibility of the destabilized LiBH4 is greatly limited due
to the following reasons. Firstly, the sintering effects and particle agglomeration as a
result of the consecutive H2 release and uptake cycles at elevated temperatures
considerably increase the diffusion pathways for both the dissociation of metallic
boride and the following recombination of active substrates with H2 to reversibly
synthesize LiBH4 for H2 storage performance, which therefore significantly lowers the
kinetics for reversible H2 ab-/de-sorption and further degrades the related H2 capacity
[18, 23, 24]

. Secondly, due to the phase separation, the amount of each active substrate

after the H2 sorption cycle might no longer be stoichiometric, subsequently limiting
the formation of metallic borides, which is thermodynamically effective for the
improvement of the cyclic performance of LiBH4 [18, 23]. Thirdly, the evolution of toxic
diborane during dehydrogenation of LiBH4 leads to the loss of B on each cycle and
therefore decreases the capacity regenerated from the dehydrogenated products

[25]

.

Fourthly, the formation of stable “sinks”, e.g., closo-borane [B10H10]2- and [B12H12]2salts, during cyclic H2 uptake and release processes can also significantly decrease the
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reversible capacity as a consequence of the loss of boron to these compounds on each
cycle [26, 27]. For instance, the amount of hydrogen release was dramatically reduced
from 8.6 wt. % at the 1st hydrogen desorption to 5.5 wt. % at the 2nd hydrogen
desorption, and further dropped to 1.8 wt. % at the 10th hydrogen desorption for postmilled 2LiBH4-MgH2 composites

[28]

, which is mainly ascribed to the formation of

Li2B12H12 and the incomplete formation of MgB2 from the interaction between Mg and
LiBH4 during the dehydrogenation of 2LiBH4-MgH2 composites [29]. Furthermore, the
decrease in the hydrogen capacity was observed to be around 50% for the Al
destabilized LiBH4 within only 3 cycles [18], resulting from the separation of Al and B,
and therefore, the incomplete formation of AlB2. Hence, sufficient improvement of the
reaction kinetics at lower temperatures towards stably reversible H2 release and uptake
is still a primary challenge for the destabilized LiBH4 systems.
The latest studies have shown that confining LiBH4 in various mesoporous
templates results in significantly improved kinetics and thermodynamics of the
hydrogen storage properties in comparison with its bulk counterpart [30-41]. For example,
the nanoconfinement of LiBH4 in nanoporous carbon with an average pore size of 2
nm leads to a significant decrease in the onset dehydrogenation temperature from 460
o

C to 220 oC with respect to bulk LiBH4 [35]. Although there is an improvement in the

cycling stability for LiBH4 infiltrated into mesoporous carbon due to the increased
interfacial contact between LiH and B resulting from the decrease in the particle size,
the H2 capacity loss is still up to 40% for the nanoconfined LiBH4 after only three
cycles

[4]

. Furthermore, based on the combination of the above-mentioned effects of

thermodynamic destabilization and nanoconfinement, LiBH4 and MgH2 were
separately infiltrated into carbon aerogel scaffolds. Although this route cannot achieve
good dispersibility due to the separate infiltration process of LiBH4 and MgH2, a
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considerable improvement of the hydrogen desorption kinetics and reversibility
compared with bulk counterparts was realized [42], suggesting the high potential of the
nanoconfinement technique to improve the cycling of destabilized LiBH4, especially
when the combined composites are dispersed uniformly.
In the present study, synergistic coupling between reactive hydride composite and
nanoconfinement effects was successfully adopted to improve the hydrogen storage
properties of Al-destabilized LiBH4 for the first time, i.e., the well-dispersion of
LiAlH4 and LiBH4 inside the nanopores of carbon scaffolds. Interestingly, by virtue of
the nanoconfinement effect, the interaction between LiBH4 and LiAlH4 particles that
are well distributed inside mesopores results in the favorable formation of AlB2 under
the structure-directing function of carbon scaffolds, which can effectively limit the
aggregation of the active substrates and thus enhances their cycling performance
remarkably.
5.2 Preparation
5.2.1Materials
The starting materials, solid-state LiBH4 (98%) and LiAlH4 (98%), and anhydrous
tetrahydrofuran (THF, 99.9%) were purchased from Sigma-Aldrich and used in their
as-received forms without further purification. Mesoporous carbons (MCs) were
supplied by Nanjing XFNANO Materials Tech Co., Ltd, China. A mixture of LiBH4
and LiAlH4 with a molar ratio of 2:1 with or without carbon scaffolds (for a control
sample) was mechanically ball milled via a planetary QM-1SP2 for 4 h in an argon
atmosphere. A 50 mL ball-milling vessel with 11 mm diameter stainless steel spheres
and a ball-to-powder ratio of 30:1 was chosen for the ball-milling procedure, which
was carried out by alternating 6 min of milling and 6 min of rest to avoid a temperature
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increase for the sample in the vial. The post-milled composites were denoted as CLB+LA and BM-LB+LA for the samples with and without the addition of carbon
scaffolds. In order to prevent contamination with air, all handling and manipulation of
the chemicals were performed in argon-filled glove boxes with a recirculation system
to keep H2O and O2 levels below 1 ppm.
5.2.2 Preparation of nanoconfined complex hydrides in MCs
Selected MCs were firstly activated at 400 oC in vacuum for several hours in order to
remove moisture and gases from the porous matrix. Subsequently, a solution of LiBH4
and LiAlH4 with a molar ratio of 2:1 in THF, which was stirred in advance for 2 h to
ensure the homogeneous mixing of raw materials, was added into the MCs. Then, the
obtained mixture was sonicated using a SCQ-5201 ultrasonic bath cleaner (500 W,
Shanghai Sheng-yan Ultrasound Machines Co., Ltd) for 3 h at around 10 °C in order
to achieve the efficient infiltration of the solution into the nanopores of the MCs via
the capillary effect. Finally, the sample was vacuum-dried at 55 oC for 3 days to remove
the solvent completely. Several successive steps of infiltration/vacuum-drying were
conducted in order to produce a space-confined nanocomposite with an uploading
capacity of approximately 20 wt. %, which was denoted as NP-LB+LA, and, on the
other hand, to guarantee high dispersion of the starting materials inside the nanopores
of MCs. The scheme for the preparation of the nanoconfined 2LiBH4-LiAlH4
composites is shown in Figure 5.1. A mixed solution of LiBH4 and LiAlH4 with a
molar ratio of 2:1 in THF was also vacuum-dried under the same conditions as a
control sample, which was denoted as VD-LB+LA.
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Figure 5. 1 Schematic diagram of the preparation process for nanoconfined 2LiBH4LiAlH4 composites
5.3 Improved hydrogen storage performance of 2LiBH4-LiAlH4 composites via
nanoconfinement
5.3.1

Synthesis and characterization of as-synthesized nanoconfined 2LiBH4LiAlH4 composite

Figure 5. 2 Regular powder XRD results for the ball-milled 2LiBH4-LiAlH4
composites (BM-LB+LA), the vacuum-dried 2LiBH4-LiAlH4 composites (VDLB+LA), the nanoconfined composites in carbon scaffolds (NP-LB+LA), and the
neat carbon scaffolds.
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From the powder X-ray diffraction (XRD) patterns of the as-prepared samples
(Figure 5.2), the vacuum-dried 2LiBH4-LiAlH4 composite in THF (denoted as VDLB+LA), without addition of carbon scaffolds, presents comparable peaks, i.e., the
characteristic diffraction peaks of LiBH4 and LiAlH4, to the ball-milled 2LiBH4LiAlH4 composite (denoted as BM-LB+LA), indicating the feasibility of this strategy
for producing well-distributed binary composites by solvent mediated infiltration. For
the control sample of post-milled 2LiBH4-LiAlH4 composite with carbon scaffolds,
the characteristic peaks assigned to LiBH4 and LiAlH4 dominate the spectra (Figure
5.3a), suggesting that the ball-milling process only induces a physical mixture.
However, peaks indexed to LiBH4 and LiAlH4 are absent after infiltration into the MCs
(for the sample denoted as NP-LB+LA), which is mainly attributed to the
nanoconfinement of the starting materials (Figure 5.3a) and leads to a lack of longrange order for the highly dispersed nanoparticulate materials. Further evidence for the
effective infiltration of the composite into the MCs is provided by N2
adsorption/desorption analysis (Figure 5.4 and Table 5.1), which demonstrates that the
total pore volume of the carbon scaffolds decreased from 0.393 cm3 g-1 to 0.032 cm3
g-1 after infiltration, together with a significant reduction of the intensity of the BarrettJoyner-Hallenda (BJH) pore size distribution, forcefully demonstrating that the LiBH4
and LiAlH4 composite penetrates the pore network of carbon templates and occupies
a large fraction of the void space of their mesopores or blocks the pores.
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Figure 5. 3 (a) High-resolution XRD profiles and (b) solid-state NMR spectra for the
post-milled 2LiBH4-LiAlH4 composites (BM-LB+LA), the post-milled 2LiBH4LiAlH4 composites with carbon hosts (C-LB+LA), and the nanoconfined 2LiBH4LiAlH4 composites (NP-LB+LA).

Figure 5. 4 The N2 absorption-desorption isotherms of the mesoporous carbon
scaffolds (MCs) and the nanoconfined 2LiBH4-LiAlH4 composites in carbon
scaffolds (NP-LB+LA) from the BET results at -196 oC. The inset shows the
corresponding pore size distributions.
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Table 5. 1 BET and Langmuir surface areas and the total pore volume of the
mesoporous carbon scaffolds with and without loading of 2LiBH4-LiAlH4
composites.
Surface area (m2 g-1)

Samples

Total pore volume

BET

Langmuir

(cm3 g-1)

MCs

235.1

378.5

0.393

NP-LB+LA

15.2

24.7

0.032

Due to the amorphous state of the 2LiBH4-LiAlH4 composite when space-confined
in the MCs, solid-state nuclear magnetic resonance (NMR), in tandem with the Fourier
transform infrared (FTIR) technique, was employed to further characterize the
compounds inside the pores of scaffolds. As illustrated in Figure 5.3b, the 27Al MAS
NMR spectra show a principal resonance of the AlH4 group in LiAlH4 at around 93
ppm for the ball-milled composites, in good accordance with the 27Al chemical shift
for the four-coordinated Al of LiAlH4

[43]

. The peak for the AlH4 groups in the

nanoconfined LiAlH4, however, shows a slight increase in chemical shift compared
with its ball-milled counterpart, which was previously detected for NaAlH4 after
nanoconfinement in mesoporous carbon, where it was attributed to a higher degree of
disorder for Al in NaAlH4 as a result of the close contact with the carbon matrix [44-46].
Moreover, the
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B NMR spectra (Figure 5.3b) reveals the presence of the typical

resonances of BH4 groups centered at -41 ppm for the ball-milled 2LiBH4-LiAlH4
composite, while the resonances of BH4 groups in LiBH4 infiltrated into carbon
scaffolds have a roughly 2 ppm shift to the downfield region, which was also observed
for a LiBH4-Mg(BH4)2 mixture after infiltration into carbon mesopores [47]. This may
have resulted from a weak interaction of the carbon walls with the boron in the
2LiBH4-LiAlH4 composite within the pores of the mesoporous carbon, which is
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similar with the observation of NaAlH4 infiltrated into carbon templates as discussed
above. These observations also suggest that the bonding characteristics of LiBH4 and
LiAlH4 are not greatly changed after infiltration into carbon containers. Furthermore,
in addition to the resonance from LiAlH4, a resonance at approximately -30 ppm
representing six-coordinated Al in Li3AlH6 was also present in the nanoconfined
2LiBH4-LiAlH4 composites, indicating the decomposition of LiAlH4 during the
preparation process, owing to its relatively lower dehydrogenation temperature (as
discussed below). Moreover, the presence of characteristic peaks for the BH bonds of
LiBH4 and LiAlH, and for the AlH bonds of LiAlH4 and/or Li3AlH6 was further
confirmed by FTIR spectra for the space-confined 2LiBH4-LiAlH4 composite in the
mesoporous carbon matrix, as shown in Figure 5.5. Additionally, it should be noted
that, in the case of NP-LB+LA, the absence of typical peaks for C-H bonds in the range
of 2800-3000 cm-1 validates the complete removal of solvent (THF), thus eliminating
contamination due to the solvent during the decomposition of hydrogen storage
materials.
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Figure 5. 5 FTIR spectra of the post-milled 2LiBH4-LiAlH4 composite (BMLB+LA) and the nanoconfined composite in carbon scaffolds (NP-LB+LA), with
neat LiAlH4, Li3AlH6, and LiBH4 included for comparison.
No changes in the surface morphology for the nanoconfined composites before or
after dehydrogenation were observed according to the SEM images (Figure 5.6). As
shown in Figure 5.7(a), the transmission electron microscope (TEM) images for the
pure mesoporous carbon reveal no long-range pore ordering. The short diffusion paths
may promote the uniform distribution of active substrates, i.e., the mixed solution of
LiBH4 and LiAlH4 inside the carbon supports after vacuum-drying, as evidenced by
the TEM images for the nanoconfined 2LiBH4-LiAlH4 composite before and after
dehydrogenation, where no aggregation was observed (Figure 5.7(b, c)). In addition,
the energy dispersive spectroscopy (EDS) elemental map of C coincides well with
those of B, Li, and Al from the active substrates for the nanoconfined compounds
before and after dehydrogenation (Figure 5.8, Figure 5.7(d)), which also substantiates
the homogeneous incorporation of 2LiBH4-LiAlH4 composite into the carbon matrix.
The fact that the pore structure of the MCs remains unchanged and no agglomeration
was observed for the nanoconfined samples after dehydrogenation to 450 oC clearly
demonstrates the space-confining effects of the carbon containers on the 2LiBH4LiAlH4 composite inside their mesopores during the reversible hydrogen storage
cycling measurements, resulting in no phase separation and no aggregation during the
H2 release and uptake.
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Figure 5. 6 SEM images of (a) pure carbon scaffolds and the nanoconfined 2LiBH4LiAlH4 composite before (b, c) and after (d) dehydrogenation.

121

Figure 5. 7 High-resolution TEM images of (a) pure carbon scaffolds and the
nanoconfined 2LiBH4-LiAlH4 composite before (b) and after (c) dehydrogenation.
(d) EDS maps of C, B, Li, and Al for the nanoconfined 2LiBH4-LiAlH4 after
dehydrogenation to 450 oC.
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Figure 5. 8 EDS maps of C for the nanoconfined 2LiBH4-LiAlH4 composite from
the TEM image and the corresponding EDS maps of B, Li, and Al before
dehydrogenation.
5.3.2

H2 desorption properties of nanoconfined 2LiBH4-LiAlH4 composite

Comparison of the hydrogen release behavior of BM-LD+LA, VD-LD+LA, and
NP-LB+LA, in tandem with the post-milled 2LiBH4-LiAlH4/carbon composite with a
weight ratio of 4:1, denoted as C-LB+LA, was conducted using volumetric
temperature programmed desorption (TPD), together with mass spectrometry (MS)
(Figure 5.9). For the BM-LB+LA, a two-step dehydrogenation is obviously present.
The first step with onset dehydrogenation just above 120 oC corresponds to the
decomposition of LiAlH4. The second step just above 375 oC is attributed to the
decomposition of LiBH4 under the destabilizing influence of Al, one of the products
formed from the decomposition of LiAlH4. These results agree well with a previous
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report in the literature

[14]

. In the case of the VD-LB+LA, H2 liberation from the

decomposition of LiBH4 exhibits enhanced kinetics in comparison with the ball-milled
composite. This difference may originate from both the intimate interaction of LiAlH4
with LiBH4 and the size-mediated effect, which relates to the fact that the direct
precipitation from homogeneous liquid phase may result in homogeneous distribution
of the starting materials, in analogy to the superior hydrogen release performance of
MgH2 from dibutylmagnesium in heptane compared to bulk MgH2 [48]. As for the CLB+LA, the dehydrogenation of Al-destabilized LiBH4 starts at around 325 oC, which
is approximately 50 oC lower than for the sample without addition of carbon scaffolds.
This is due to the catalytic effect of the carbon matrix on the H2 desorption properties
of LiBH4, in accordance with a previous report in the literature [35]. With respect to the
NP-LB+LA, H2 desorption starts at ~80 oC for LiAlH4 and ~230 oC for LiBH4, with a
reduction of 40 oC and 145 oC, respectively, compared with its bulk counterpart.
Additionally, the H2 liberation process of the space-confined composite is complete
before 400 oC, with a total weight loss of approximately 2.4 wt. % for the 1st step from
LiAlH4 and ~7.4 wt. % for the 2nd step from LiBH4, which accounts for around 65%
and 100% of the theoretical capacity of releasable hydrogen over the 1 st and 2nd step
decomposition, respectively. Apparently, due to the relatively low temperature for H2
desorption from nanostructured LiAlH4, H2 tends to evolve during the vacuum-drying
process for the removal of THF, as evidenced by the appearance of six-coordinated Al
in Li3AlH6 in the 27Al MAS NMR spectra (Figure 5.3b). In contrast, only ~9.3 wt. %
H2 is released, even with further heating to 500 oC, for the post-milled composite.
Moreover, as evidenced by the mass spectroscopy (MS) spectra (Figure 5.9), the
evolution of diborane was observed for the post-milled and vacuum-dried 2LiBH4LiAlH4 composites, which may be due to the possible decomposition of LiBH4, which
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cannot react with the thus-formed Al, while there is no measureable release of diborane
for the nanoconfined composite. This indicates that the uniform distribution and the
nanoconfinement of 2LiBH4-LiAlH4 composites can effectively prevent the loss of B
due to the liberation of volatile B2H6 upon dehydrogenation, and thus enhance the
hydrogen storage properties under cycling.

Figure 5. 9 TPD and MS results for the post-milled 2LiBH4-LiAlH4 composite (BMLB+LA), vacuum-dried 2LiBH4-LiAlH4 composite (VD-LB+LA), post-milled
2LiBH4-LiAlH4 composite with carbon host (C-LB+LA), and nanoconfined 2LiBH4LiAlH4 composite (NP-LB+LA).
Theoretical calculations reveal that the chemical reactivity of nanocrystals is
positively correlated with a large surface area and short diffusion path of hydrogen [4951]

. Therefore, the H2 desorption capacity of nanoconfined 2LiBH4-LiAlH4 composite

was further measured in comparison with its bulk counterpart (Figures 5.10 and 11).
Apparently, the two-step decomposition stages can be distinguished in the isothermal
curves of the nanoconfined 2LiBH4-LiAlH4 composite (inset in Figure 5.10(a)),
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corresponding to the rapid dehydrogenation of LiAlH4 and the relatively slow
decomposition of LiBH4 destabilized by the thus-produced Al, respectively. For the
post-milled sample, only 4 wt. % H2, mainly attributable to the decomposition of
LiAlH4, according to the TPD results (Figure 5.9), was released within 300 min, even
at 350 oC. In contrast, for the space-confined 2LiBH4-LiAlH4 composite, the value
reaches ~8.2 wt. % at 250 oC, and further increases to ~9.3, 9.9, and 10.0 wt. % at
temperatures of 275, 300, and 350 oC, respectively, over the same period of 300 min,
exhibiting a significant improvement in the H2 release kinetics in comparison with its
bulk counterpart. To quantitatively estimate the enhancement of kinetics for
dehydrogenation, the apparent activation energy from Arrhenius analysis based on the
curves of H2 desorption at different temperatures (Figure 5.10(b)) was determined.
From the slope of the linear plot of ln k (k, rate constant) versus 1/T (T, absolute
temperature), the activation energy (Ea) for H2 evolution from LiBH4 destabilized by
Al was verified to be 90.0 kJ mol-1, comparable to that of post-milled 2LiBH4-Al (94
kJ mol-1) [52]. A considerable reduction in Ea, i.e., 41.3 kJ mol-1, was established for the
nanoconfined 2LiBH4-LiAlH4 composite, however, compared to its bulk counterpart.
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Figure 5. 10 (a) Isothermal H2 release of the nanoconfined 2LiBH4-LiAlH4
composite at the temperature of 250 oC (☆), 275 oC (★), 300 oC (○), and 350 oC
(●), including the post-milled 2LiBH4-LiAlH4 composite at 350 oC (◇) for
comparison. The inset is an enlargement of (a) for dehydrogenation time from 0 to 30
min. (b) Arrhenius plots of the temperature-dependent rate data for the post-milled
and nanoconfined 2LiBH4-LiAlH4 composites.

Figure 5. 11 Isothermal H2 release of the post-milled 2LiBH4-LiAlH4 composite at
various temperatures.

127

5.3.3

Reversible hydrogen storage performance of nanoconfined 2LiBH4-LiAlH4
composite

Subsequently, the H2 release and uptake cycling performance of the post-milled,
vacuum-dried, and nanoconfined 2LiBH4-LiAlH4 composites were investigated in
order to evaluate the effects of nanoconfinement on the reversibility of the 2LiBH4LiAlH4 composites. As shown in Figure 5.12(a), the amount of H2 released from the
BM-LB+LA significantly decreased upon successive dehydrogenation/hydrogenation
treatments, from 9.4 wt. % to only 1.2 wt. % for the 5th desorption cycle, which only
accounts for 12.6% of the initial desorption capacity. In the case of the VD-LB+LA
(Figure 5.12(b)), upon consecutive H2 uptake/release cycles, although a considerable
improvement of the dehydrogenation properties is observed compared with the postmilled composite, the capacity is still decreased from 10.0 wt. % for the 1 st cycle to
2.4 wt. % for the 5th cycle. The significant degradation upon cycling for the ball-milled
and vacuum-dried 2LiBH4-LiAlH4 composites is ascribed to the liberation of diborane
and the persistent aggregation of dehydrogenated products during heat treatment, in
which the former may lead to the loss of B species and the formation of very stable
Li2B12H12, as shown in the FTIR spectra (Figure 5.13), which will reduce the reversible
capacity of LiBH4 at each cycle

[27]

; and the latter may cause slower kinetics for H2

uptake due to the longer diffusion pathways for H2.[37] By contrast, for the
nanoconfined 2LiBH4-LiAlH4 composite, except for a capacity decrease from 10.0 wt. %
for the 1st cycle to 8.5 wt. % for the 2nd cycle, no further degradation is observed for
the following cycles. The solid-state NMR spectra in Figure 5.14 confirm the presence
of Li3AlH6 and LiBH4 in the hydrogenated products after the 5th and 7th cycles of H2
absorption. In addition, both the B-H bonds of LiBH4, and the Al-H and/or LiAl-H
bonds are also recovered after hydrogenation of the decomposed products, based on
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the FTIR spectra (Figure 5.15), which also indicates the successful regeneration of
Li3AlH6 and LiBH4. It is noteworthy that in this study, the rehydrogenation of Li3AlH6
from the as-formed LiH and Al in the nanoconfined 2LiBH4-LiAlH4 composite was
realized under 10 MPa H2 without the addition of any metal based catalyst [53,54], while
rehydrogenation failed in the ball-milled and vacuum-dried systems (Figure 5.12(a,
b)). Obviously, the thermodynamically irreversible hydrogenation of LiAlH4 from
Li3AlH6 in a practically accessible temperature and hydrogen pressure range

[55]

contributes to the H2 capacity degradation of the 2nd dehydrogenation cycle. Based on
the above analysis, the reversible reaction of the nanoconfined 2LiBH4-LiAlH4
composite from the 2nd cycle can be ascribed to the reversible formation of Li3AlH6
and LiBH4.

Figure 5. 12 Evolution of consecutive H2 desorption curves: five cycles for the ballmilled (a) and vacuum-dried (b) composites; (c) seven cycles for the nanoconfined
2LiBH4-LiAlH4 composite; and (d) normalized H2 capacity as a function of cycle
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number for the post-milled, vacuum-dried, and nanoconfined 2LiBH4-LiAlH4
composites, respectively.

Figure 5. 13 FTIR spectra for the freshly prepared ball-milled 2LiBH4-LiAlH4
composite after ball milling (RT), dehydrogenation to 500 oC (De), and 1st
rehydrogenation cycle (Re).
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Figure 5. 14 Solid-state NMR spectra of the the freshly-prepared nanoconfined
2LiBH4-LiAlH4 composite (NP-LB+LA), and its rehydrogenated products after five
and seven absorption cycles.

Figure 5. 15 FTIR spectra of the rehydrogenated products of the nanoconfined
2LiBH4-LiAlH4 composite after various H2 absorption cycles.
According to the normalized hydrogen capacity as a function of the cycling number
(Figure 5.12(d)), the capacity retention for the nanoconfined 2LiBH4-LiAlH4
composite is still in excess of 84% after 7 cycles of H2 desorption/re-absorption, and
notably, the weight retention from the 2nd to the 7th desorption is even over 98%, while
weight retentions lower than 15% and 24% were observed for the ball-milled and
vacuum-dried composites, even after only 5 cycles. These results clearly confirm that
the reversible H2 ab-/de-sorption performance in terms of the capacity retention and
kinetics of the 2LiBH4-LiAlH4 composites is remarkably improved via co-infiltration
into the mesoporous carbon hosts. It can be deduced that the synergetic effects between
the nanoconfinement and the thermodynamic destabilization are what mainly
contribute to the improved cyclic behavior of 2LiBH4-LiAlH4. Besides, it should be
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pointed out that the extra LiH also plays a positive role in enhancing the reversibility
of the nanoconfined LiBH4, as evidenced by a previous report in the literature

[41]

;

therefore, the de-/re-hydrogenation of the nanoconfined composite can be surprisingly
improved by taking advantage of the LiH formed in situ, which is derived from the
decomposition of LiAlH4 in the 1st desorption cycle and effectively promotes enduring
cycling performance. Nonetheless, during the cyclic H2 hydriding/dehydriding process,
the onset temperature for the main decomposition of LiBH4 slightly shifts to higher
temperature (Figure 5.12(c)) as a result of the phase agglomeration of reactants and/or
products, although under the spatial limitation of the carbon scaffolds, which is also
observed in the cyclic performance of most of the other nanoconfined complex
hydrides [42,56,57].
5.3.4

Hydrogen storage mechanism of nanoconfined 2LiBH4-LiAlH4 composite

In further investigation of the effects of nanoconfinement on the significantly
improved H2 ab-/de-sorption behavior of the 2LiBH4-LiAlH4 composite, X-ray
diffraction was employed to monitor the phase transition during dehydrogenation. As
shown in Figure 5.16(a), after dehydrogenation to 260 oC, the resultant products in the
ball-milled 2LiBH4-LiAlH4 composite were mainly composed of LiBH4, Al, and LiH,
while the diffraction peaks of LiAlH4 and Li3AlH6 disappeared, indicating the
decomposition of LiAlH4 to LiH and Al in the 1st step of dehydrogenation. On further
elevating the operating temperature to 500 oC, the LiBH4 phase vanished, which was
accompanied by the weakening of Al and the appearance of AlB2 phase, suggesting
that dehydrogenation had proceeded according to Eq. (5.4). The presence of Al in the
dehydrogenated products suggests the incomplete formation of AlB2 due to the poor
kinetics for the desired destabilized reaction, which agrees well with previous
observations [16, 17, 52]. The simultaneous presence of Al and AlB2 was also verified by
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the XPS spectra (Figure 5.17(b)), further demonstrating the fact of only partial
transformation of Al into AlB2 upon reaction with LiBH4, resulting in the formation of
residual amorphous B in the dehydrogenated products, which significantly degrades
the hydrogen capacity under cycling due to the harsh conditions for the regeneration
of LiBH4 from amorphous B and LiH [3]. Additionally, the incomplete reaction between
Al and B also gives rise to the decomposition of individual LiBH4 particles, leading to
the liberation of diborane (Figure 5.9) and the formation of stable Li2B12H12 (Figure
5.13), which further increases the loss of B species and thus decreases the hydriding
capacity during consecutive H2 release and uptake cycles. It is worth noting that upon
dehydrogenation to 500 oC, more AlB2 is yielded in the vacuum-dried 2LiBH4-LiAlH4
composite compared with the ball-milled sample, as inferred from the intensity of the
relative characteristic peaks in the XRD spectra (Figure 5.18). This may be due to the
uniform distribution of LiBH4 and LiAlH4 after vacuum-drying from the homogenous
solution in comparison with the mechanical ball-milling process, which leads to the
homogeneous dispersion of the thus-formed Al in the matrix of LiBH4, and
accordingly, accounts for the advantageous formation of AlB2 and less liberation of
B2H6 during dehydrogenation.
2 LiBH4 + LiAlH4 → 2 LiBH4 + LiH + Al + 3/2 H2

(5.4)

2 LiBH4 + LiH + Al → 3 LiH + (x) Al + (1-x) AlB2 + (2x) B + 3 H2 (x < 1) (5.5)
2 LiBH4 + 1/3 Li3AlH6 +2/3 Al ⇔ 3 LiH + AlB2 + 3.5 H2

(5.6)
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Figure 5. 16 (a) XRD spectra of the ball-milled 2LiBH4-LiAlH4 composite at various
temperatures, and (b) high-resolution XRD spectra of the nanoconfined 2LiBH4LiAlH4 composite upon heating to various temperatures.
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Figure 5. 17 Al 2p XPS spectra (error within 0.2 eV) of the dehydrogenated products
of the ball-milled (BM-LB+LA) and nanoconfined 2LiBH4-LiAlH4 (NP-LB+LA)
composites after (a) the 1st and (b) the 2nd step decomposition, respectively.
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Figure 5. 18 XRD patterns of the dehydrogenated products of the post-milled (BMLB+LA) and vacuum-dried (VD-LB+LA) 2LiBH4-LiAlH4 composites after
dehydrogenation to 500 oC.
Nevertheless, in contrast to the post-milled and vacuum-dried 2LiBH4-LiAlH4
composites, diffraction peaks assigned to all the possible products are absent in the
NP-LB+LA upon heating from room temperature to 400 oC, indirectly indicating the
good distribution of the compounds in the mesopores, as observed in the TEM results
(Figure 5.7(d)). The amorphous state of the nanoconfined composite directly
demonstrates the lack of long-range order after infiltration, possibly due to small pore
spaces available. Therefore, with the aim of unraveling the mechanism for the
improvement of the hydrogen release properties due to the presence of carbon
scaffolds, further efforts are required to investigate the effects of nanoconfinement on
the decomposition pathways of 2LiBH4-LiAlH4 composites. Upon heating to
approximately 210 oC, as expected from Eq. (5.4), the characteristic peak of Al (Figure
5.17(a)) emerged from the XPS spectra, in tandem with the disappearance of LiAlH4
and Li3AlH6 from the FTIR spectra (Figure 5.19). Meanwhile, the presence of the
relevant B-H bonds of LiBH4 remains unchanged. This result indicates that the 1st
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dehydrogenation of NP-LB+LA also corresponds to the decomposition of LiAlH4, as
suggested in Eq. (5.4), which is analogous to the hydrogen release reaction of its bulk
counterpart. In regards to the 2nd step decomposition, the H2 evolution stems from the
dehydrogenation of LiBH4 that is destabilized by the as-formed Al from the 1st step
dehydrogenation, which is directly verified by the complete disappearance of B-H
bonds from the FTIR spectra (Figure 5.19) of the nanoconfined 2LiBH4-LiAlH4
composite after heating to 400 oC. By contrast, the presence of B-H bonds (Figure 5.13)
belonging to LiBH4 is still detected for the post-milled 2LiBH4-LiAlH4 composite,
even after heating to 500 oC, further indicating the much slower kinetics for H2 release
compared with the nanoconfined composite. Additionally, the XPS data show the
appearance of the characteristic peaks of Al and AlB2 in the dehydrogenated products
on heating to 400 oC, which is similar to the case of the bulk composite. However, the
molar ratio of AlB2 to Al in the dehydrogenated products of the nanoconfined 2LiBH4LiAlH4 composite on heating to 400 oC, as inferred from the intensity of the
corresponding resonances from the XPS spectra, is very much higher (>20 times) than
for the bulk sample. This indicates that the formation of AlB2 is favored in the
nanoconfined sample due to the reduction of both reaction and diffusion pathways
across the reactive interfaces of the as-formed AlB2, which are required for Bcontaining species to react with the Al inside along with the hydrogen release. On the
other hand, the homogeneous distribution of LiBH4 and LiAlH4 inside the mesopores
of carbon supports that were vacuum-dried from the solution also facilitates the
heterogeneous solid-state reaction towards the formation of AlB2, as discussed above.
The almost complete transformation of Al and B into AlB2, which avoids the loss of
boron to the formation of stable Li2B12H12 during cycling, coincides with the fact that
no measurable diborane was released during the dehydrogenation of the NP-LB+LA.
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Furthermore, both the NMR spectra (Figure 5.14) and the FTIR spectra (Figures 5.13
and 5.15) confirm the absence of Li2B12H12 in the rehydrogenated and dehydrogenated
products, which confirms that the nanoconfinement can effectively prevent the
possible loss of reversible H2 capacity. Therefore, the reversible reaction for
nanostructured Li3AlH6 and LiBH4 proceeds according to Eq. (5.6), with a theoretical
H2 capacity of 8.8 wt. %, which corresponds well with the experimental results. Based
on the above-mentioned analysis, the reasons for the significant improvement of the
hydrogen storage properties of 2LiBH4-LiAlH4 via nanoconfinement in MCs can be
summarized as follows: (i) the thermodynamic destabilization of LiBH4 by Al through
the formation of AlB2 instead of the stable Li2B12H12 can effectively facilitate the
reversibility of the hydrogen sorption, since the activation energy to break a metal-B
bond is significantly lower than for a B-B bond [58]; (ii) the nanoconfinement leads to
a low mean coordination number of surface atoms, and thus an excess of surface energy,
which then results in a modification of the thermodynamics parameters, i.e., enthalpy
and entropy, towards enhanced hydrogen storage properties [59,60]; (iii) the decrease in
particle size can lead to nanoscale diffusion distances for pulling H2 into and out of the
nanoconfined active substrates, thereby leading to the significantly improved Hexchange kinetics [49]; and (iv) the in-situ formed LiH from the 1st desorption of LiAlH4
can effectively resolve the possible loss of reactive alkali metal species due to the
reaction with impurities during the cyclic heating treatment [41]. As a result, the cyclic
stability of the 2LiBH4-LiAlH4 composite after co-infiltration under the structuredirecting effects of MCs, which further results in favorable thermodynamics and
kinetics towards H2 ab-/de-sorption, is, thereby, significantly improved.
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Figure 5. 19 FTIR spectra of the dehydrogenated products of the nanoconfined
2LiBH4-LiAlH4 composite after dehydrogenation to various temperatures.
5.4 Conclusion
In summary, the hydrogen storage properties of the nanoconfined 2LiBH4-LiAlH4
composite were systematically studied. After infiltration of uniformly distributed
2LiBH4-LiAlH4 composite into carbon scaffolds, the onset dehydrogenation
temperature of LiAlH4 and Al-destabilized LiBH4 was significantly decreased to 80
and 230 oC, respectively. The favorable synergetic coupling of both nanoconfinement
effects and thermodynamic destabilization effectively facilitates the H2 release
performance, leading to a reduction of 41.3 kJ mol-1 in apparent activation energy for
the Al-destabilized LiBH4 in the nanoconfined 2LiBH4-LiAlH4 composite compared
with the post-milled composite. More importantly, the promotion by nanoconfinement
of the favorable formation of AlB2 is identified for the well-distributed 2LiBH4LiAlH4 composite as due to the short diffusion pathways, which further effectively
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prevent the liberation of diborane and the subsequent formation of Li2B12H12 during
dehydrogenation. Based on the combined action of the above-mentioned effects, in
tandem with the presence of the nanoscale LiH formed in situ, the nanoconfined
composite shows a high degree of regeneration, without degradation from the 2nd to
the 7th cycle. Obviously, these advances give the nanoconfined 2LiBH4-LiAlH4
composite advantages as an alternative practical hydrogen storage material. Moreover,
our results yield interesting clues towards the further improvement of the binary
hydrogen storage system, i.e., LiBH4 and LiAlH4, including the adoption of functional
porous materials as templates and/or the optimization of the pore sizes and structures
of templates. More issues, however, especially with respect to increased uploading
capacity, still need to be addressed before its commercialization as a hydrogen carrier.
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6

CHAPTER 6 NANO-CONFINED MULTI-SYNTHESIS OF LI-MG-N-H
NANOCOMPOSITE TOWARDS LOW-TEMPERATURE HYDROGEN
STORAGE WITH STABLE REVERSIBILITY

6.1 Introduction
The metal-N-H system has been regarded as one of the most promising materials for
hydrogen storage due to its high hydrogen content, favorable thermodynamics, and
good reversibility.[1-4] Mg(NH2)2-2LiH composite in particular could reversibly store
5.6 wt.% of hydrogen according to the following Equation 6.1:
Mg(NH2)2 + 2LiH ↔ Li2Mg(NH)2 + 2H2

(6.1)

For this reaction, the thermodynamic calculation gives a favorable enthalpy change
of ~ 39 kJ mol-1 for H2 desorption, corresponding to an operating temperature as low
as ~ 90 oC under the equilibrium pressure of 1 bar,[5] which can satisfy the operational
requirements of proton exchange membrane (PEM) fuel cells. [6] Favorable kinetics for
both dehydrogenation and hydrogenation, however, was practically achieved only at
temperatures above 200 oC as the result of a rather high activation energy barrier (Ea:
~102 – 120 kJ mol-1), [4] which is attributed to the sluggish interface reaction between
the amide and hydride in the preliminary stage and the following mass transport
through the thus-formed imide layer. [7] Moreover, the problematic release of ammonia
during cycling is another major drawback, which not only significantly damages the
active catalyst in the PEM fuel cells, but also induces loss of gravimetric capacity
during cyclic H2 sorption, which are serious obstacles to the practical application of
the Li-Mg-N-H system. [8]
Modification of the hydrogen storage performance of Li-Mg-N-H system is often
obtained by doping catalysts. It was reported that the kinetics of both dehydrogenation
and hydrogenation could be improved by the introduction of metal borohydrides[6,9,10],
K-based compounds[11-13], Li2Mg(NH)2[14], carbon nanofibers[15], or inorganic
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transition metal compounds[16]. Another alternative approach to circumvent the abovementioned problems in the Li-Mg-N-H system is to bring the particle size into the
nanometer range, which can powerfully promote close proximity between Mg(NH2)2
and LiH, as well as decreasing the diffusion pathways for active substrates, leading to
improved hydrogen storage performance. [17-20] For example, the nanosized Mg(NH2)22LiH composite produced by the hydrogenation during long ball milling of
Li2Mg(NH)2 exhibits a dramatic 61% decrease in its activation energy compared with
its hand-milled counterpart.[20] During the consecutive heat treatments for
dehydrogenation and hydrogenation, however, the original particles, even though they
have small sizes, are prone to aggregate, giving rise to a considerable reduction in the
surface area and the extension of mass transport paths across the imides, which finally
results in continuing deterioration of hydrogen storage properties,[21] e.g., the peak
temperature for the ball-milled Mg(NH2)2-2LiH composite can even increase by ~20
o

C through only one sorption cycle.[22] Hence, it is imperative but challenging to find

an alternative approach that can not only fabricate suitable nanostructure in the Li-MgN-H system, but also preserve its stability during continuous H2 cycling.
Recent progress on adopting nanoconfinement as an effective tool to load
complex hydrides opens up fascinating possibilities for designing nanostructures of
various hydrogen storage materials.[21,23-25] After the melt and/or solution
impregnation into porous scaffolds by the molten and/or solution state of complex
hydrides, the direct synthesis of nanostructured materials can be easily realized by
the physical space-confinement functions of nanoscale pores. The porous matrix
materials can physically prevent sintering and growth of the thus-formed
nanoparticles during cycles of H2 absorption and desorption, even at elevated
temperatures, and effectively preserve the spatial dimensions of the nanosized
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composite.[21,23] Additionally, the significant reduction of particle size leads to an
increased surface area and intimate contact between reactive agents, which will
tremendously enhance the reaction kinetics and decrease the diffusion pathways across
the active substrates, resulting in improved H2 sorption performance. The significantly
enhanced

kinetics

and

reversibility

of

various

complex

hydrides

after

nanoconfinement in porous templates have been widely confirmed in previous
reports.[26-37]
As noted for the nanosize-induced effects on the hydrogen storage system and the
aforementioned kinetics problems of Li-Mg-N-H composite, nanoconfinement seems
to be capable of unleashing its potential as a practical hydrogen storage candidate.
Unfortunately, due to the fact that all the components of Li-Mg-N-H composite have
high chemical activity, low solubility, and/or high melting points, there is no report on
the nanoconfinement of this system using the traditional technique mentioned above.
In the present study, we report a novel synthetic methodology to successfully spaceconfine Li-Mg-N-H composite in thin-film hollow carbon spheres (THCSs), i.e., (1)
the co-infusion of MgCl2 and LiN3 with uniform dispersion into the THCSs via a
solution impregnation technique; (2) thermal treatment of the precursors, followed by
a hydrogenation process, leading to the formation of LiNH2/LiH composite; (3) a solid
metathesis reaction between MgCl2 and the thus-formed LiNH2/LiH, resulting in the
final creation of a nanoconfined Mg(NH2)2/LiH composite. To the best of our
knowledge, this is the first realization of nanoconfinement of Li-Mg-N-H composite
in a host template. The relatively thin films of the THCSs, on the one hand, could
promote the co-infiltration of the precursors of MgCl2 and LiN3 solution, leading to
homogeneous microstructure and distribution. On the other hand, the flexible double
films could effectively encapsulate a large amount of complex hydrides, withstand
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phase separation and growth, and meanwhile prevent the diffusion of active
materials from the inside to the outside during cyclic heat treatment. Thus, taking
advantage of the nanoconfinement effect of the THCSs, the nanostructured Li-MgN-H composite exhibits significantly improved dehydrogenation/rehydrogenation
performance with a full cycle at 105 oC for completely reversible hydrogen storage
and tremendously lower than that of the pristine system (> 180 oC), [7] and cyclic
stability.
6.2 Experimental section
6.2.1

Synthesis of SnO2 hollow spheres:

The hollow SnO2 nanoparticles were prepared using a simple hydrothermal method
in an ethanol-H2O mixed solvent. In a typical synthesis, urea (0.36 g, 0.1 M) additive
was firstly dissolved in 60 mL of ethanol/water mixed solvent with a volume ratio of
3:5. Thereafter, 0.288 g potassium stannate trihydrate (K2SnO3.3H2O, Sigma-Aldrich,
99.9%) was slowly added, followed by gentle shaking by hand for around 3 min until
a translucent solution was obtained, which was then transferred into a 100 mL Teflonlined stainless steel autoclave and heated at 200 oC for 20 h in an electric oven. The
autoclave was then taken out of the oven and left to cool down to room temperature.
The white precipitate was collected by centrifugation, washed thoroughly with water
several times, and then dried at 60 oC overnight.
6.2.2

Synthesis of thin-film hollow carbon spheres

The carbon spheres were obtained by coating glucose on the SnO2 hollow spheres by
a simple hydrothermal process. In a typical synthesis, 0.1 g of the as-prepared SnO2
hollow spheres was easily dispersed by ultrasonication in 20 mL of 0.5 M aqueous
glucose solution. The suspension was then transferred into a 40 mL Teflon-lined
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autoclave and kept in an electric oven at 180 oC for 4 h. The product was harvested by
centrifugation and washed with deionized water and ethanol several times. After
drying at 60 oC for around 5 h, the brown powder was heated to 650 oC for 5 h in
flowing H2/N2 (v/v = 10:90) with a heating rate of 1 oC min-1. Following that, the
product was dispersed in 2 M HCl to remove the residual Sn particles, and the doubleshelled hollow carbon spheres (THCSs) were collected by centrifugation, followed by
drying at 60 oC overnight.
6.2.3

Synthesis of thin-film hollow carbon spheres

Selected THCSs were firstly activated at 500 oC under vacuum for several hours in
order to remove moisture and gases from the porous matrix. Subsequently, a solution
of LiN3 and MgCl2 with a molar ratio of 2:1 in 2,2,2-trifluoroethanol (TFE,
CF3CH2OH), which was stirred in advance for around 5 h to ensure the homogeneous
mixing of raw materials, was added to the pre-activated THCSs. After 0.5 h of
infiltration via the capillary effect, the sample was vacuum dried at 150 oC for 10 h to
remove the solvent. To produce a space-confined nanocomposite with a relatively high
loading capacity and good dispersion of the starting materials inside the nanopores of
the THCSs, several successive steps of infiltration/vacuum-drying were conducted
followed by washing with pure TFE and drying. Afterwards, the nanoconfined
precursors were dried at 150 oC and then activated under 150 bar hydrogen pressure at
200 oC for 12 h by a metathesis reaction, as illustrated in Figure 1, which results in the
formation of Li-Mg-N-H composite. According to elemental analysis, the resulting
composite contained 15.79 mass% Li, 9.23 mass% Mg, 10.59 mass% N and 35.41
mass% C, which gives the mass concentration of Li2Mg(NH)2 to be ~ 25.8 mass% in
the as-prepared products based on the combination of molar ratio in the raw precursors
and the reaction mechanism.
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6.2.4

Hydrogen storage tests

The hydrogen storage properties of the nanoconfined Li-Mg-N-H composite were
examined with the aid of a Sieverts’ apparatus, identified as a gas reaction controller
(GRC, Advanced Materials Corp., USA). The apparatus was carefully calibrated from
the H2 sorption of a LaNi5 reference sample with an accuracy of ±1%, and, typically,
a ~500 mg sample was loaded into a stainless-steel autoclave for hydrogenation and
dehydrogenation measurements. The H2 absorption kinetics measurements were
performed at various temperatures with an initial pressure of 35 atm, and the
desorption properties were detected at various temperatures under hydrogen pressure
below 0.02 atm. The pressure-concentration isotherm (PCI) measurements were
performed at the desired temperatures, and the equilibrium time for each point was
600 s. For comparison, the amount of hydrogen released from the nanoconfined
composite is based on the composite of Mg(NH2)2-2LiH, while the THCSs, LiCl, and
extra LiH are excluded.
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6.3 Results and discussion

Figure 6. 1 (a) Schematic diagram of the approach to fabricate the nanoconfined LiMg-N-H composite into THCSs, and FESEM images of the as-synthesized SnO2
hollow spheres (b), THCSs (c) and the nanoconfined Li-Mg-N-H composite inside
THCSs (d). The (e) and (f) are the enlarged images of the freshly-prepared THCSs
and its products after nanoconfinement of precursors, respectively.
The THCSs are manufactured using SnO2 hollow spheres as the hard templates by
a facile one-pot template-free approach, [38] as schematically illustrated in Figure 6.1.
The morphology and microstructure of the products were characterized by fieldemission scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM). As can be seen in Figures 6.1(b) and 6.2, the as-prepared SnO2
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hollow spheres are uniform with a diameter of around 250-500 nm. A glucosederived polysaccharide on both the interior and exterior surfaces of the SnO2 hollow
spheres, as well as in the pores within the films, was then homogeneously coated by
a method based on the hydrothermal technique. Subsequently, carbothermal
treatment was carried out under H2/N2 atmosphere, accompanied by the reduction
of SnO2 into metallic Sn. Finally, THCSs were obtained by the dissolution of Sn
nanoparticles in hydrochloric acid, followed by centrifugation, which perfectly
duplicates the original shape and size of the SnO2 nanostructures (Figure 6.1(c)).
From the cracked spheres, the hollow interior can be verified directly, indicating the
successful synthesis of rounded structures with inner cavities (Figure 6.2).
Moreover, according to the transmission electron microscope (TEM) images
(Figure 6.3(a)), the hollow interior of the as-prepared carbon nanospheres was
further confirmed, and two thin films with a separation as little as ~50-100 nm
between them could be clearly observed. Furthermore, the contrast within the interfilm cavity indicates the presence of carbon “links” connecting the internal and the
external films, which were previously occupied by SnO2 nanoparticles. The
elimination of the SnO2 nanoparticles leaves behind open and accessible mesopores
on the surfaces (Figure 6.1 (e)) and between the thus-formed carbon sheets, leading
to the formation of a highly mesoporous framework within these two thin films. The
porous structure of the THCSs was quantitatively analyzed by N2 adsorptiondesorption isotherms, which gave a very high specific surface area of 748 m2 g-1 and
a large total pore volume of 1.685 cm3 g-1 (Figure 6.4). Therefore, owing to these
special features, two foundational advantages of adopting THCSs as porous
supports can be demonstrated: (1) the mesopores between the double films provide
a plethora of “rooms”, with diameters ranging from 2 to 14 nm (Figures 6.1(d) and
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6.4), for the effective infiltration of complex hydrides, and (2) the thin films with
mesopores are feasible for the infiltration of active composites.

Figure 6. 2 FESEM images of the as-prepared SnO2 hollow spheres (left) and
THCSs (right). Some of the hollow spheres are cracked, exhibiting the exposed
interior.
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Figure 6. 3 TEM images of the as-prepared THCSs (a) and the nanoconfined
precursors inside the THCSs (b). TEM image (c) and the corresponding elemental
mapping (d) of THCSs with the nanoconfined precursors. (e) High-resolution XRD
spectra of the nanoconfined Li-Mg-N-H composite upon heating to various
temperatures.
The nanoconfinement of Li-Mg-N-H composite was realized by the coinfiltration of precursors, i.e., MgCl2 and LiN3, which are both easily soluble in
trifluoroethanol, making them favorable for homogeneous distribution inside the
scaffolds, into THCSs via the capillary effect and two typical in-situ reactions under
physical restriction. During the removal of solvent upon heating to 200 oC, based on
Equation 6.2, LiN3 firstly decomposes into Li3N with the release of nitrogen.
Afterwards, on annealing under H2 atmosphere, the hydrogenation of nanosized
Li3N leads to the formation of LiNH2 and LiH according to Equation 6.3, which
provides the source of NH2 to synthesize Mg(NH2)2 and LiH as another constituent
ingredient. Simultaneously, the freshly-formed LiNH2 will react in-situ with MgCl2
via a solid metathesis reaction 6.4, which, as a result, leads to the formation of
Mg(NH2)2 and LiH with LiCl as the by-product.[39] The feasibility of this procedure
is indirectly proved by the presence of Mg(NH2)2, LiH, and LiCl from the X-ray
diffraction data after annealing the bulk precursors (Figure 6.5) without addition of
THCSs.
3LiN3 → Li3N + 4N2

(6.2)

Li3N +2H2 → LiNH2 + 2LiH

(6.3)

MgCl2 + 2LiNH2 → Mg(NH2)2 + 2LiCl

(6.4)

After the infiltration process, no surface morphology change could be clearly
observed from the FESEM (Figure 6.1(d)) and TEM images (Figure 6.3(b)). With

155

careful observation (Figure 6.1(f)), compared with the freshly prepared THCSs, the
mesopores on the exterior films disappeared after encapsulation, suggesting the
successful nanoconfinement of precursors. No discernible agglomeration is present on
the surfaces of the THCSs, while the C map in the energy dispersive spectroscopy
(EDS) agrees well with the hollow structure of the carbon spheres, and the Cl, Mg, and
N elemental maps correspond well with the C map from EDS (Figure 6.3(d)),
indicating the good dispersion of precursors inside the THCSs due to the co-infiltration
process. Moreover, the carbon signals are mainly distributed in the region of the two
carbon films, which is similar to the distribution of Cl, Mg, and N, while their signals
are obviously weaker in the center of the spheres, suggesting that the inner cavity still
remains hollow and the good distribution of precursors is mainly achieved in the highly
porous films. The effective infiltration of the precursors into the THCSs is further
proved by N2 adsorption/desorption analysis (Figure 6.4), which demonstrates a
significant reduction of the surface area as well as the intensity of the Barrett-JoynerHallenda (BJH) pore size distribution and total pore volume (0.42 cm3 g-1). The LiMg-N-H composite thus undoubtedly penetrates the porous framework of the THCSs
and occupies a large proportion of the void space in their mesopores, and/or blocks the
pores.
The crystallographic phase of the products from the annealing of the nanoconfined
precursors was determined by high-resolution X-ray powder diffraction (HRXRD) as
shown in Figure 6.3(e). The diffraction peaks in the HRXRD pattern can be
unambiguously indexed to LiCl, LiH, and Mg(NH2)2, while as H2 desorption proceeds,
the diffraction peaks of Li2Mg(NH)2 appear, obviously confirming the successful
nanoconfinement of the Li-Mg-N-H composite by THCSs, which was further verified
by the Fourier transform infrared (FTIR) results (Figure 6.6). It is worth noting that,
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compared to the bulk counterpart, the carbon frameworks of THCSs can effectively
restrict the in-situ crystallite growth of active substrates and preserve the close
proximity between Mg(NH2)2 and LiH upon heating, which is favorable for the
improvement of hydriding and dehydriding kinetics. Due to the physical space
restriction of mesopores in the THCSs during the synthetic process, the average
crystallite size of the thus-formed Li2Mg(NH)2, derived from the Debye-Scherrer
equation, is only ~9 nm.

Figure 6. 4 Nitrogen isotherms and pore size distribution (inset) of the freshlyprepared THCSs (○) and the THCSs with the loading of Li-Mg-N-H composite (●).
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Figure 6. 5 XRD patterns of (a) the vacuum-dried products from the precursors of
MgCl2 and LiN3 heat-treated at 200 oC and (b) the products after annealing at 200 oC
under 150 bar of H2, (c) Li3N after annealing at 200 oC under 150 bar of H2, and (d)
the mixed composite of MgCl2 with the hydrogenated Li3N after annealing at 200 oC
under 150 bar of H2.
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Figure 6. 6 FTIR spectra of the nanoconfined Li-Mg-N-H nanoparticles (a), and the
products after the 1st dehydrogenation (b), 1st hydrogenation (c), and 20th
hydrogenation (d).
To explore the effects of nanoconfinement by the THCSs on the hydrogen storage
performance of the Li-Mg-N-H system, a comparison of the thermal decomposition
behavior of the ball-milled Li-Mg-N-H composite without carbon, the nanoconfined
Li-Mg-N-H composite, and the ball-milled Li-Mg-N-H composite with the addition
of carbon spheres as a reference sample was conducted by employing mass
spectroscopy (MS) and thermogravimetric analysis (TGA) (Figure 6.7(a)). For the
ball-milled Li-Mg-N-H composite, a dehydrogenation peak was observed at ~198
o

C with an onset temperature of ~135 oC, which agrees well with the previous

reports.[12,42] A comparative experiment, where the carbon spheres were admixed
with Li-Mg-N-H system via ball milling, was carried out for the H2 desorption
process. As illustrated in Figure 6.7(a), the ball-milled composite with the addition
of carbon spheres exhibits a comparable process to that of the pure Li-Mg-N-H
composite with a slightly lower temperature for dehydrogenation, indicating the
presence of a weak catalytic effect of the carbon spheres, as with the function of
carbon nanofibers towards catalyzing the dehydrogenation of Li-Mg-N-H
composite.[15] Additionally, a simultaneous release of NH3 was detected for the ballmilled Li-Mg-N-H system with or without addition of carbon spheres, due to the
insufficient reaction between Mg(NH2)2 and LiH (Figure 6.8). On the contrary, the
onset and peak temperatures of H2 desorption from the nanoconfined Li-Mg-N-H
composite downshifted to ~ 90 oC and 123 oC, respectively, which are 45 oC and 75
o

C lower than for the ball-milled Li-Mg-N-H composite, respectively, and even

lower than those obtained from various catalysts doped materials.40-42 Interestingly,
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as suggested by the MS spectra, there is no measureable release of NH3 for the
nanosized composite. The TGA results reveal that the weight loss of the nanoconfined
nanoconfined Li-Mg-N-H sample is ~5.5 wt.%, coinciding well with its theoretical
value (5.6 wt.%). In order to further clarify the reaction mechanism, in-situ highresolution XRD (Figure 6.3(e)) was performed during the dehydrogenation of the
nanoconfined Li-Mg-N-H composite. With increasing heating temperature, the peaks
assigned to Mg(NH2)2 and LiH obviously weakened at ~100 oC, followed by the
appearance of the characteristic peaks of Li2Mg(NH)2 at ~110 oC, which is in good
agreement with the H2 desorption temperature according to the TGA and MS results
(Figure 6.7(a)). Therefore, HRXRD clearly demonstrates the important role of the
space-confinement effects of THCSs in the tremendous enhancement of H2 desorption
from the Li-Mg-N-H system.

Figure 6. 7 (a) TGA-MS spectra of the nanoconfined Li-Mg-N-H composite (Nano),
the ball-milled composite of Mg(NH2)2-2LiH (Bulk) and the control sample (BM).
(b) The pressure-composition isotherms (PCI) of the nanoconfined Li-Mg-N-H
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composites at the temperatures of 105 oC and 130 oC, respectively, as compared with
the ball-milled Li-Mg-N-H composite at the temperature of 130 oC.

Figure 6. 8 NH3 signals of mass spectra during the decomposition of (a)
nanoconfined Li-Mg-N-H composite compared with ball-milled composite of (b)
Mg(NH2)2-2LiH and (c) Mg(NH2)2-4LiH, respectively.
The influence of the nanoconfinement of THCSs on the reversibility of Li-MgN-H system was first investigated by pressure-composition isothermal (PCI)
analysis in comparison with the ball-milled composite (Figure 6.7(b)). No plateaus
can be observed for the ball-milled Li-Mg-N-H composite, while it is surprising to
find that a full cycle of H2 ab-/de-sorption for the nanoconfined Li-Mg-N-H
compound, with a capacity of ~5.4 wt.%, approaching the theoretical value (5.6
wt.%), can be realized at a temperature as low as 105 oC. Specifically, a plateau
pressure of ~2.6 atm was obtained at 105 oC from the desorption curve and rose to
~9.5 atm as the operating temperature was increased to 130 oC. By contrast, only a
capacity of less than 1 wt.% was obtained for the ball-milled composite, even at the
relatively high temperature of 130 oC, indicating the tremendous kinetic barriers to
H2 uptake and release from the bulk Li-Mg-N-H composites. Furthermore, based on

161

the differential scanning calorimetry (DSC) results (Figure 6.9), during
dehydrogenation, the overall reaction heat for the H2 desorption from the ball-milled
Li-Mg-N-H composite is calculated to be ~43.5 kJ mol-1 H2, which agrees well with
the previous reports.[9] In the case of the space-confined Li-Mg-N-H nanoparticles, the
integration of the endothermic peak gives an enthalpy of 39.9 kJ mol-1 H2, which
equals an approximately 8.2% reduction compared with the ball-milled composite.
This confirms that the nanoconfinement of Li-Mg-N-H composite in the THCSs also
modifies the thermodynamics of the reaction pathway for H2 release.

Figure 6. 9 DSC curve of the nanoconfined Li-Mg-N-H nanoparticles (Nano)
compared with their ball-milled counterpart (Bulk), obtained with a heating rate of 2
o

C min-1 under dynamic N2.

The isothermal hydriding/dehydriding curves of the nanoconfined Li-Mg-N-H
composite, in relation to its ball-milled counterpart, were further measured, using a
Sieverts PCT-Pro at variable temperatures (Figure 6.10). Due to the enormous kinetic
barrier, as mentioned in the introduction, only less than 0.5 wt.% H2 can be de-/reabsorbed from the bulk Li-Mg-N-H within 60 min, even at 135 oC. In contrast, after
nanoconfinement in THCSs, the Li-Mg-N-H nanoparticles could slowly release ~1.6
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wt.% H2 and absorb ~2 wt.% H2 over the same period of 60 min, even at the
relatively low temperature of 105 oC. At elevated temperatures, as expected, both
the kinetics and the capacity increase for both absorption and desorption. In
particular, H2 release and uptake amounts to approximately 5 wt.% and 5.1 wt.%,
respectively, at 135 oC in only 60 min, with the nanoparticles exhibiting a significant
improvement in the hydriding/dehydriding kinetics in comparison with their bulk
counterpart. In the quest for quantitative estimation of the enormous enhancement
of kinetics for dehydrogenation and hydrogenation, the apparent activation energy
(Ea) was determined according to the Arrhenius equation by fitting the isothermal
sorption curves at various temperatures. Based on the slope of the linear plot of ln k
(k, rate constant) vs. 1/T (T, absolute temperature), the activation energy of H2
absorption and desorption from the nanoconfined Li-Mg-N-H composite (Figure
6.11) was verified to be 42.0 and 47.5 kJ mol-1 H2, respectively, which is
considerably lower than the value reported for its ball-milled and KH-catalysed
counterpart, that is, 102 kJ mol-1 H2[43] and 84.8 kJ mol-1 H2[12], respectively.
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Figure 6. 10 Isothermal H2 absorption and desorption curves of the nanoconfined LiMg-N-H composite at various temperatures, compared with the bulk Li-Mg-N-H
composite at 135 oC.

Figure 6. 11 Arrhenius plots for the isothermal hydrogenation and dehydrogenation
of the nanoconfined Li-Mg-N-H composite.
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Figure 6. 12 (a) Reversible H2 absorption and desorption of bulk (Bulk) and
nanoconfined Li-Mg-N-H composite with a loading capacity of 25.8% (Nano) and
50% (Nano-50), respectively, at 135 oC; (b) Normalized H2 capacity as a function of
cycle number, where the hydrogen capacities are normalized to the theoretical value
of Li2Mg(NH)2 (5.6 wt.%).
It is well-known that the sintering effects and particle agglomeration during the
consecutive H2 release and uptake cycles at elevated temperatures are inevitable,
which could considerably increase the diffusion pathways for H2 delivery and,
thereby, lower the kinetics for dehydrogenation and hydrogenation, leading to the
evolutionary degradation of H2 cyclic capacity.[21] Therefore, a long-term kinetic
measurement was carried out at 135 oC for the nanoconfined Li-Mg-N-H composite
as compared to its bulk counterpart to investigate the space-confinement effects on
the cycling performance (Figure 6.12). Obviously, in the case of the bulk Li-Mg-NH composite, only ~0.85 wt.% hydrogen could be charged and ~0.8 wt.% could be
subsequently discharged within 200 min at 135 oC. The value decreased to 0.45 wt.%
for hydrogenation and 0.43 wt.% for dehydrogenation during the 5th cycle. By
contrast, the Li-Mg-N-H nanoparticles embedded in THCSs exhibited wellpreserved hydrogen cycling capacity and kinetics, even through 20 cycles of H2
uptake and release within a relatively short heating time, i.e., 60 min for
hydrogenation and 120 min for dehydrogenation. In particular, a reversible
hydrogen capacity of 5.08 wt.% could be achieved, and the capacity retention was
still in excess of 91% after 20 cycles of H2 desorption/reabsorption, with a only
slight degradation of 2.5%, while the weight retention was already lower than 8%
after only 5 cycles for the bulk composite. These results obviously demonstrate that
the reversible H2-storage performance of the Li-Mg-N-H composite, in terms of the
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both capacity retention and kinetics, is tremendously improved via infiltration into the
mesopores of the THCS host.

Figure 6. 13 Mass spectra of the nanoconfined Li2Mg(NH)2 with a loading capacity
of 25.8 wt.% (●) and 32.1 wt.% (☆), respectively, as compared with bulk
Li2Mg(NH)2 (♦).
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Figure 6. 14 Regular XRD spectra of the dehydrogenated products: (a) the ballmilled Li-Mg-N-H composite, and the nanoconfined Li-Mg-N-H composite with a
loading capacity of 32.1% (b) and 25.8% (c), respectively.

Figure 6. 15 Reversible H2 absorption and desorption of nanoconfined Li-Mg-N-H
composite with a loading capacity of 50% at 135 oC.
On the basis of the above observations, the de-/re-hydrogenation kinetics,
reversibility and cycling stability are all significantly improved by confining Li-MgN-H composite into THCSs. Theoretical studies on hydrogen storage mechanism of
Li-Mg-N-H composite revealed that the migration of small ions (e.g., Li+, Mg2+, and
H+) in both amides and hydrides and the subsequent mass transport play an
important

role for hydrogenation/dehydrogenation of the amide-hydride

combination systems.[17,44] As a result, the decrease of particle size, which would
decrease the diffusion pathways of ions and the mass transport lengths and increase
the interface area between amides and hydrides, could significantly improve the H2
sorption performance of Li-Mg-N-H system.[17-20] In the present work, with
decreasing particle size down to nanometer scale, both the onset and the peak
temperatures for dehydrogenation (Figure 6.13) of Li2Mg(NH)2 after hydrogenation
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are significantly decreased. Moreover, it is no accident that upon increasing the loading
capacity of Li2Mg(NH)2 from 25.8% to 32.1%, the onset and peak temperatures of
dehydrogenation are increased, while they are still much lower than in the bulk
counterpart. As verified by the XRD spectra (Figure 6.14), the diffraction peaks
assigned to Li2Mg(NH)2 and the by-product, i.e., LiCl, are obviously sharpened with
increased intensities, suggesting that the particle size and crystallite size are increased
by increasing the loading capacity. As a result, with the further increased loading
capacity to 50%, the cycling capacity and stability is also significantly degraded
compared with the nanoconfined Li-Mg-N-H composite with a loading capacity of
25.8% (Figures 6.10 and 6.15). Therefore, this further confirms a bulk versus surfacedominated mechanism and the size-dependent enhancement of hydrogen storage
performance. In addition, it is notable that the nanoconfinement of Li2Mg(NH)2 in
THCSs, followed by thermal annealing can, on the one hand, realize the direct
synthesis of nanosized Li2Mg(NH)2 (~9 nm particle size), inducing significant
improvement of its hydrogen storage performance (Figures 6.7 and 6.10), and, on the
other hand, the structural features down to the nanometer scale resulting from the
space-confinement function of the porous THCSs can be well preserved during
consecutive cycles, which therefore gives the composite stable reversibility without
apparent degradation, even through up to 20 cycles of de-/re-hydrogenation (Figure
6.12).
6.4 Conclusions
In conclusion, a novel procedure is reported for the nanoconfinement of the Li-MgN-H system via infiltration of a mixed solution of MgCl2 and LiN3 into THCSs. The
unique properties of the THCSs, i.e., the concentric thin films and the highly
mesoporous framework between them, can effectively accommodate myriads of
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nanosized particles and physically prevent their sintering and growth during
consecutive sorption cycles. The Li-Mg-N-H that was space-confined within the
nanoscale range showed a high reversible capacity of up to 5.5 wt. % at a
temperature as low as 105 oC, and a stable cycling capacity close to its theoretical
value is achieved for up to 20 cycles. However, it should be noted that, due to the
extra weight of the porous templates as the intrinsic drawback of nanoconfinement
and LiCl as the by-product, the actual reversible H2 capacity is limited to be around
1.42 wt.% by taking into account the templates and LiCl. Therefore, further works,
especially in the search of an effective solvent to remove the inactive LiCl and other
scaffolds with large porous volumes and light weight to achieve a high loading
percent of precursors, are still required to achieve a high hydrogen storage capacity
in the whole system. Nevertheless, the novel strategy explored in this study provides
new insights in improving the kinetics and cycling properties of Li-Mg-N-H system
and will promote further optimization of this system via nanotechnology.
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7

CHAPTER 7 CARBON-COATED LI3N NANOFIBERS FOR ADVANCED
HYDROGEN STORAGE

7.1 Introduction
Li-N-H-based compounds are an appealing class of hydrogen storage materials,
with a total sorption of 11.5 wt.% hydrogen for lithium nitride (Li3N) by the
following two-step reactions: [1-5]
Li3N + 2H2 ⇔ Li2NH + LiH + H2

(7.1)

Li2NH + LiH + H2 ⇔ LiNH2 + 2LiH

(7.2)

During heating treatment, the interaction among various intermediates not only
promotes H2 release but also prevents the formation of ammonia from the
decomposition of pure LiNH2. However, due to the much higher enthalpy change
(ΔH) in the case of the first reaction (- 115 kJ mol-1) compared with that of the
second step (- 45 kJ mol-1), a complete desorption to generate Li3N required
temperatures above 320 oC even in dynamic vacuum[5]. Therefore, only the second
reaction with a favorable enthalpy has been regarded as a viable pathway to
reversibly storage H2, which only provides a storage capacity of 6.5 wt. % based on
pure Li2NH.[6] In addition, as a consequence of the multiple solid-state intermediate
phases, it is evident that the thermodynamics and kinetics for either dehydrogenation
or hydrogenation of Li-N-H system extremely depend on the reactivity and the
diffusivity of active materials across the reactive interfaces.[7] Therefore, the H2
release normally requires a high temperature of ~280 oC at a pressure close to 1 atm
due to the sluggish kinetics even for the 2nd reaction.[8] Moreover, upon consecutive
heating treatment, the particle growth of active substrates and phase separation
between LiNH2 and LiH are inevitable, resulting in the release of NH3, which will
further degrade the cycling H2 storage capacity over time and introduce an impurity
into the H2 stream that is harmful to PEM fuel cells.[9] For example, the H2 capacity
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of bulk Li3N decreased down to 0.5 wt. % after eleven cycles, which is less than 10%
of its initial capacity.[10] Hence, it is of great importance to resolve these issues before
before the practical application of Li-N-H based hydrogen storage materials.
Fortunately, recent theoretical calculations have shown that the nanostructuring of
hydrogen storage materials is a viable way to significantly enhance the hydrogen
storage performance by decreasing both diffusion path lengths for hydrogen and active
substrates and the thickness of reactive interfaces during H2 ab-/desorption.[11,

12]

However, the direct synthesis of hydrogen storage materials within nanoscale,
including the Li-N-H-based system, is greatly limited by the inherent difficulty in
stabilizing the thus-synthesized particles and maintaining the nanoeffects upon
consecutive heating treatment.[13] Nanoconfinement, which can efficiently prevent
particle sintering and growth, therefore, has been widely adopted to infiltrate the
hydrides into mesoporous scaffolds.[14,

15]

The thus-formed nanosized materials

resulting from the space-confinement functions of templates subsequently exhibited
highly enhanced hydrogen storage properties,[14] e.g., lower dehydrogenation
temperature,[16] change of reaction pathway,[17] and even promoted reversibility,[18]
due to the modification of thermodynamics and/or kinetics. Unfortunately, several
drawbacks are still present for the adoption of general nanoconfinement. Firstly, a
porous template with high specific surface area and clean surface that is inert to the
targeted hydrogen storage materials is a prerequisite for the infiltration. Clearly, it is
troublesome to find or synthesize a proper template that fulfills all the requirements.
Secondly, as a result of the mesoporous characteristics of scaffolds, the blocking of
pores is inevitable during the infiltration process, which enormously impedes the full
encapsulation and the well distribution of reactive substrates. Thirdly, the overall
infiltration process is rather tedious due to the slow kinetics and the long ranges for
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the diffusion of solution, therefore, successive steps of infiltration and drying are
necessary to achieve a relatively high loading level and good distribution. Thus a
simple one-pot method of synthesizing space-confined hydrogen storage materials
without using any template would be highly appreciated in order to avoid the abovementioned disadvantages.
Electrospinning is an inexpensive, simple and versatile technique for the
fabrication of continuous nanofibers[19,

20]

of various materials, e.g., polymers,

ceramic metal oxides, metals, and so forth, under electrostatic force.[19] More
importantly, by adopting different precursors with compatible properties, a variety
of porous, hollow, amorphous or polycrystalline carbon nanowires[21] with the
encapsulation and well distribution of metal-containing compounds can be directly
prepared through electrospinning followed by a simple calcination process. Herein,
we present a simple one-pot template-free synthesis of carbon-coated Li3N porous
nanofibers via electrospinning with low-cost. In particular, discrete carbon
nanofibers comprising of well-distributed Li3N can be prepared by the calcination
of the as-electrospun PVA-coated LiN3 nanofibers. Meanwhile, the micropores,
mesopores and macropores can be further introduced by the decomposition of PVA
and LiN3 during the calcination. These features can effectively limit the growth of
Li3N particles and facilitate the H2 diffusion through pores of carbon walls to react
with the active species. To the best of our knowledge, it is the first report on the insitu synthesis of carbon-coated complex hydrides with 3D porous nanostructures.
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7.2 Experimental section
7.2.1

Synthesis of 3D porous carbon-coated Li3N nanofibers

Poly(vinyl alcohol) (0.5 g, Alfa Aesar, Mv = 88000, CAS: 9002-89-5) was mixed
with deionized water (5 mL) and stirred in water bath at 90 oC for 8 h to make PVA
solution. After cooling down to room temperature, LiN3 solution (0.4 mL, 20 wt. %)
in water was then added and vigorously stirred for 6 h to make a homogeneous
spinning dope. The resultant precursor solution was poured into a syringe with a 18gauge blunt tip needle. The flow rate of solution was approximately 500 μL h-1
controlled by a syringe pump (Longer, TJP-3A, China), and a grounded stainless steel
plate was horizontally placed 10 cm from the needle to collect the nanowires. A high
voltage of 15 kV was applied by a high-voltage power supply. The as-collected
electrospun fibers were firstly dewatered at a temperature of 75 oC under dynamic
vacuum for 15 h and then calcined at 550 oC for 3 h under dynamic N2 atmosphere to
obtain the 3D porous carbon-coated Li3N nanofibers (heating rate: 2 oC min-1). The
mass concentration of Li3N in the as-prepared fibers, which was calculated to be 18.6%,
was obtained by elemental analysis.
7.2.2

Hydrogen storage tests

The hydrogen storage properties of the thus-synthesized carbon-coated Li3N
nanofibers were carried out on a Sievert’s apparatus, named as gas reaction controller
(GRC, Advanced Materials Corp., USA). The H2 absorption kinetics measurements
were performed at various temperatures with an initial pressure of 35 atm, and the
desorption properties were detected at various temperatures under a hydrogen pressure
below 0.02 atm. The pressure-concentration isotherms (PCI) measurements were
performed at the desired temperatures, and the equilibrium time for each point was
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600 s. For comparison purpose, the carbon scaffold mass was excluded when
determining the amount of hydrogen released from the relevant composites containing
carbon scaffolds.
Mass spectrometry (MS; Hidden HPR 20) was conducted from room temperature,
using a heating rate of 5 oC min-1 under dynamic nitrogen with a purge rate of 80 ml
min-1. Differential scanning calorimetry (DSC) measurements were performed by
TAQ 2000 DSC under N2 with a gas flow of 40 mL min-1 at a heating rate of 5 oC min1

.

7.3 Results and discussion

Figure 7. 1 (a) Schematic illustration of the electrospinning process of a LiN3-PVA
mixture using a single-needle nozzle; (b) SEM micrograph of the as-collected PVAcoated LiN3 nanofibers; (c) Proposed synthetic scheme for the formation of Li3N
nanoparticles encapsulated in 3D porous carbon nanofibers during the calcination;
(d) SEM image of the carbon-coated Li3N nanofibers.
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Figure 7. 2 The photos of the as-electrospun PVA-coated LiN3 nanofibers (a) at
room temperature, (b) after calcination to 200 oC (the color of fibers transformed to
the characteristic color of Li3N, confirming the formation of Li3N), and (c) after
calcination to 550 oC for carbonization.
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Figure 7. 3 The views of the as-electrospun PVA nanofibers (a) at room temperature,
and (b) after calcination to 550 oC. SEM images of the as-electrospun PVA
nanofibers (c) at room temperature and (d, e) after calcination to 550 oC.
An aqueous precursor solution containing LiN3 and poly (vinyl alcohol) (PVA) was
used for the electrospinning process. A sketch of the typical electrospinning setup is
illustrated in Figure 7.1a. A high voltage is applied between the needle and the
collector. Once the strength of the electric field is high enough to allow the electrostatic
forces to overcome the surface tension of the polymer solution, a liquid jet formed via
the outer solutions is stretched by electrostatic forces to generate PVA-coated LiN3
fibers. The scanning electron microscopy (SEM) image in Figure 7.1b reveals the
morphology of the as-electrospun fibers, demonstrating that the as-synthesized
nanofibers are long and continuous with a relatively uniform diameter distribution of
~ 200 nm. As shown in Figure 7.1c, the as-collected electrospun fibers were firstly
dewatered in dynamic vacuum at 75 oC, and then stabilized under N2 atmosphere at
200 oC in order to transform LiN3 into Li3N nanoparticles encapsulated in the PVA
fibers. Due to an explosive release of N2 during this reaction, small pieces of PVA
were repulsed from the surface of the nanofibers. After carbonization under N2
atmosphere at a temperature up to 550 oC, the fibers were transformed into porous
carbon fibers with Li3N nanoparticles embedded in. Figure 7.1d shows the SEM image
of the carbon-coated Li3N nanofibers. It can be observed that the nanofibers are
uniform with an average diameter of ~ 100 nm. The view of the as-electrospun fibers
shown in Figure 7.2 clearly presents the color change from white to the ruby red, which
is the characteristic color of Li3N, after heating to 200 oC, indicating the transformation
of LiN3 into Li3N. On further calcination to 550 oC, a carbonized film with the
encapsulation of Li3N was formed, whereas the pure PVA fibers through thermolysis
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cannot maintain the firm film and no fibrous structure was observed in the SEM images
(Figure 7.3). Elemental analysis reveals that the carbonization yield of the LiN3 added
PVA nanofibers is 16.6%, which is significantly higher than that of the pure PVA
fibers (lower than 8%) as confirmed by the TG result (Figure 7.4). This suggests that
the incorporation of LiN3 into the precursor also plays an important role in improving
the carbonization yield of PVA and thus stabilizing the structure of nanofibers.

Figure 7. 4 TGA curves of the as-electrospun PVA nanofibers after calcination to
550 oC.
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Figure 7. 5 (a) SEM image of the as-electrospun PVA-coated LiN3 nanofibers; (b)
SEM and (c, d) TEM images of the carbon-coated Li3N nanofibers (the inset of d
shows the corresponding SAED pattern of Li3N nanoparticles); (e) TEM image and
the corresponding elemental mapping of a single carbon-coated Li3N nanofiber.
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Figure 7. 6 (a) SEM and (b) TEM images of the as-prepared carbon-coated Li3N
nanofibers. Red circles in (a) indicate that a small piece of relic still existed after
calcination due to the explosive release of N2 from the LiN3.

Figure 7. 7 N2 sorption isotherm and pore size distribution (inset) of the aselectrospun carbon-coated Li3N nanofibers.
Table 7. 1 Pore structure parameters for the as-electrospun carbon-coated Li3N
nanofibers.

Figure 7.5a shows a magnified SEM image of the as-electrospun PVA-coated LiN3
fibers with smooth surface, whereas, after calcination, the in-situ formed carboncoated Li3N nanofibers (Figure 7.5b) reveal both mesopores and macropores on the
surface with various diameters (10-55 nm), resulting from the loss of PVA as a result
of N2 strong releasing. Due to the high toughness of PVA, the fibrous nanostructure
was maintained and some relics (Figure 7.6) can still be observed on the surface of the
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carbonized nanofibers, clearly demonstrating the intense release of N2 from the PVAcoated LiN3 nanofibers. The hollow interior and geometrical structure of the asobtained Li3N nanofibers with the carbon coating are directly elucidated by
transmission electron microscopy (TEM), as shown in Figures 7.5c and d. The N2
adsorption-desorption plots (Figure 7.7) of the carbon-coated Li3N nanofibers present
a type IV isotherm with a steep increase of nitrogen absorption at a high relative
pressure, indicating the main contribution of large size pores to the pore volume as
indicated in the TEM image (Figure 7.5c). Despite of these large pores, some small
pores with a diameter less than 10 nm were also detected, which is consistent with the
observation in Figure 7.5d. Furthermore, an obvious adsorption uptake at low relative
pressure indicates the presence of micropores in the carbon-coated Li3N nanofibers,
which may be attributed to the disordered packing of the turbostratic carbon sheets and
clusters resulting from the carbonization process of micro-/nanosctructured polymer,
which leads to the formation of free volume and microporosity in the carbon matrix in
general[22]. Moreover, a specific surface area of 365 m2 g-1 and pore volume of 0.681
cm3 g-1 were obtained for the as-prepared carbon-coated Li3N nanofibers according to
the Brunauer-Emmett-Teller (BET) analysis (Table 7.1), and the t-plot method gives
the surface area of micropores and external large-sized pores equal to 67 and 298 m2
g-1, respectively, which further demonstrates that the carbonized nanofibers are
hierarchically full of micropores, mesopores and macropores induced by the
disordered packing of the turbostratic carbon sheets and/or clusters and the volume
expansion of PVA during the release of N2 stemming from the well distribution of
LiN3 in the as-electrospun nanofibers. Therefore, it is verified that, based on its special
thermolysis properties, metallic azides can be further explored as porogen on the
synthesis of 3D porous substrates. The spot- and ringlike patterns in the selected-area
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electron diffraction (SAED) pattern (inset of Figure 7.5d) can be indexed to the β-Li3N
with a hexagonal unit cell parameter of a = 3.552 Å and c = 6.331 Å along the [0001]
axis, which corresponds well with the XRD results (Figure 7.8) and the previous
report[23]. The average size of Li3N nanocrystals calculated through the DebyeScherrer’s equation by analyzing the XRD diffraction peaks is ~ 3.7 nm. Such a small
size is attributed to the well-distribution and the confined aggregation of the Li3N
nanoparticles in the carbon nanofibers. Additionally, the C map agrees well with the
structure of the nanofibers and the N map corresponds well with the C map from the
energy dispersive spectroscopy (EDS) elemental maps for the carbon-coated Li3N
nanofibers (Figure 7.5e), directly authenticating a good dispersion of Li3N
nanoparticles inside the carbonized nanofibers.

Figure 7. 8 X-ray diffraction results of the as-electropun Li3N nanofibers (left) and
bulk Li3N (right). (i) the as-electrospun carbon-coated Li3N nanofibers at room
temperature; (ii) the Li3N nanofibers after hydrogenation at 250 oC under 35 atm for
60 min; (iii) the hydrogenated Li3N nanofibers after desorption at 250 oC for 180 min
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(iii); (a) bulk Li3N; (b) the bulk Li3N powder after hydrogenation at 250 oC under 35
atm for 120 h. (c) The fully hydrogenated bulk Li3N after dehydrogenation at 350 oC
for 180 min.

Figure 7. 9 SEM of the commercial Li3N powders after ball milling.

Figure 7. 10 (a) Pressure-composition isotherms (PCI) of the carbon-coated Li3N
nanofibers (◆: Absorption; ◇: Desorption) and bulk Li3N (●: Absorption; ○:
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Desorption) at the temperatures of 200 oC and 250 oC, respectively; (b) Mass spectra
of the carbon-coated Li3N nanofibers and bulk Li3N after the complete
hydrogenation upon heating to 560 oC; (c) Hydrogen absorption and desorption
curves of the carbon-coated Li3N nanofibers at different temperatures, including bulk
Li3N at 250 oC for comparison. Carbon was not considered as an active component
for the hydrogen storage measurements.
The hydrogen storage properties of the as-prepared carbon-coated Li3N nanofibers
was firstly measured by Pressure-composition isothermal (PCI) analysis in relation to
commercial Li3N powder (Figure 7.9) as shown in Figure 7.10a. At 200 oC, ~ 8 wt. %
hydrogen was absorbed by pure Li3N with a plateau pressure at ~ 0.3 atm, of which
only 47.5%, i.e., 3.8 wt. % H2, could be released at a pressure below 0.08 atm, owing
to the decomposition of LiNH2 interacting with LiH[4]. It should be noted that the
desorption isotherm shows considerable hysteresis from that of the absorption. By
contrast, for the carbon-coated Li3N nanofibers, both the hysteresis and slope between
absorption and desorption isotherm are much smaller in comparison with the bulk
counterparts. Moreover, the desorption plateau pressure is much higher than that of the
bulk Li3N, indicating the significant thermodynamic enhancement for the carboncoated Li3N nanofibers. Specifically, the absorption isotherm has a slope plateau of
under 0.15 atm with a capacity of ~ 10 wt. %, which is close to the theoretical H 2
capacity for Li3N, at a temperature as low as 200 oC. The desorption isotherm presents
a H2 capacity of ~ 7.65 wt. % and 9.9 wt. % at 200 oC and 250 oC, respectively, which
account for 76.5% and 99% of the absorbed hydrogen, indicating that a full
reversibility of Li3N can be realized at a temperature as low as 250 oC (the lowest
temperature reported to date for a complete reversibility of Li3N). This was further
confirmed by the XRD (Figure 7.8) and FTIR (Figure 7.11) results, in which the β-
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Li3N was regenerated for the hydrogenated Li3N nanofibers after dehydrogenation at
250 oC for 180 min. However, only a mixture of Li2NH/LiH (Figure 7.8) was formed
for the bulk sample even heated at a higher temperature of 350 oC for 180 min. The
mass spectra (MS) results in Figure 7.10b delineate that the hydrogenated bulk Li3N
undergoes a two-step decomposition, in which the 1st step with a peak temperature at
307 oC corresponds to the combination of LiH with LiNH2 to form Li2NH, and the 2nd
step peaked at 491 oC corresponds to the formation of Li3N through the reaction of
Li2NH with LiH.[4, 5] In comparison, the hydrogenated carbon-coated Li3N nanofibers
show a one-step decomposition with the onset and peak temperatures of H2 desorption
downshifted to ~ 100 and 250 oC, respectively, which are 100 oC and 57 oC lower than
that for the 1st step reaction between LiNH2 and LiH, coinciding well with the above
PCT and XRD discussions. To clarify the effect of carbon on the thermodynamics of
hydrogen sorption of Li3N, the dehydrogenation performance of a ball-milled
composite of carbon with Li3N after hydrogenation was investigated. It shows
comparable process with that of pure Li3N (Figure 7.12), indicating the important role
of size-confined effect in improving the thermodynamics of hydrogen sorption of Li3N.
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Figure 7. 11 FTIR spectra of (a) as-electrospun PVA-coated LiN3 nanofibers, (b) the
carbon-coated Li3N nanofibers; (c) the carbon-coated Li3N nanofibers after 1st H2
absorption at 250 oC under 35 atm for 60 min; (d) the carbon-coated Li3N nanofibers
after 1st H2 desorption at 250 oC for 120 min.

Figure 7. 12 Mass spectra of the bulk Li3N powder compared with the ball-milled
composite of Li3N and carbon powder after hydrogenation. The weight ratio between
Li3N and carbon is 1:4, which is similar to the content of Li3N in the electrospun
fibers after calcination.
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Figure 7. 13 DSC curves of the hydrogenated carbon-coated Li3N nanofibers at a
heating rate of 5 oC min-1 under dynamic N2, which gave an enthalpy of ~65 kJ mol-1
H2, much lower than that from the LiNH2 + 2LiH composite (~ 160 kJ mol-1 H2).
The differential scanning calorimetry (DSC) results (Figure 7.13) from the thermal
decomposition of the hydrogenated Li3N nanofibers reveal that the differential heat for
the dehydrogenation is calculated to be only ~ 65 kJ mol-1 H2, much lower than that
from the LiNH2 + 2LiH composite (~ 160 kJ mol-1 H2)[4]. This result directly verifies
the remarkable enhancement of thermodynamics via encapsulation of Li3N into porous
carbon nanofibers, leading to the regeneration of β-Li3N at a low temperature of 250
C. The formation of β-Li3N instead of α-Li3N, which is generally generated by the

o

complete dehydrogenation of the LiNH2 + 2LiH composite in bulk form as indicated
in the XRD results (Figure 7.8) and the previous report[4, 5], was proposed to be a key
factor in modifying the thermodynamics of Li3N towards the improved hydrogen
storage properties.[24]
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Figure 7. 14 Arrhenius plot for the isothermal H2 absorption and desorption of the
carbon-coated Li3N nanofibers.
The kinetics of hydrogen absorption/desorption in the samples of carbon-coated
Li3N nanofibers and pure Li3N was further tested, using a Sieverts PCT-Pro at different
temperatures (Figure 7.10c). The bulk Li3N has a hydrogen uptake of ~ 3 wt. % after
absorption for 30 min and a hydrogen release of ~ 3.6 wt. % after following desorption
within 150 min at 250 oC. In comparison with the bulk Li3N, not only do the operating
temperatures decrease obviously, but also the absorption rate significantly increases.
As presented in Figure 7.10d, the carbon-coated Li3N nanofibers can absorb over 8
wt. % hydrogen at 200 oC within 10 min. During the desorption process, a hydrogen
release as high as ~7.4 wt. % within 120 min was achieved at 200 oC and the value
further increased to ~8, 8.5, and 9.2 wt. % at temperatures of 220 oC, 235 oC and 250
o

C, respectively, over the same period of 120 min. To quantitatively estimate the

enormously improved hydriding/dehydriding kinetics of the as-prepared carboncoated Li3N nanofibers, the apparent activation energy (Ea) during the
absorption/desorption was determined by combining the Johnson-Mehl-Avrami
equation with Arrhenius equation after fitting the experimental data at different
temperatures. From the slope of the linear plot of ln k (k, rate constant) versus 1/T (T,
absolute temperature), the activation energy (Figure 7.14) for H2 absorption and
desorption from the carbon-coated Li3N nanofibers was verified to be 22.99 and 25.07
kJ mol-1, respectively, significantly lower than that for the bulk counterpart (110 kJ
mol-1 even under the catalysis effect of TiCl3).[6]
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Figure 7. 15 (a) Reversible H2 absorption (under 35 atm H2) and desorption of the
bulk Li3N and carbon-coated Li3N nanofibers at 250 oC; (b) Normalized H2 capacity
as a function of cycle number, where the hydrogen capacities are normalized to the
theoretical value of Li3N (11.48 wt. %); and (c) PCI curves for the bulk Li3N and
carbon-coated Li3N nanofibers at 250 oC. Carbon was not considered as an active
component for the hydrogen storage measurements.
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Figure 7. 16 Comparison of the kinetics for H2 absorption/desorption of the carboncoated Li3N nanofibers between the 1st and 10th cycle at the temperature of 250 oC.
The absorption was conducted under a H2 pressure of 35 atm.

Figure 7. 17 Mass spectra of the carbon-coated Li3N nanofibers during the 1st and
10th desorption cycles.

Figure 7. 18 X-ray diffraction patterns of the carbon-coated Li3N nanofibers and the
dehydrogenated product after the 10th desorption.
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Subsequently, the H2 absorption and desorption cycling performance of the carboncoated Li3N nanofibers was investigated and compared with that of the bulk Li3N. As
shown in Figure 7.15a, the amount of H2 released from the bulk sample significantly
decreased upon successive sorption treatments, from ~4 wt. % for the 1st desorption to
1.7 wt. % for the 5th desorption. By contrast, the hydrogen sorption capacity of the
carbon-coated Li3N nanofibers was well-preserved even through 10 cycles with
constant absorption/desorption kinetics (Figure 7.15a and Figure 7.16). The
normalized H2 capacity as a function of the cycling number reveals that the capacity
retention for the carbon-coated Li3N nanofibers is over 73% even through 10 cycles
while only 15% capacity for the bulk counterpart was remained after 5 cycles (Figure
7.15b). Moreover, in contrast to the bulk Li3N that shows a significant degrade on the
hydrogen capacity after 5th PCT cycle, both absorption and desorption capacity as well
as the plateau pressure (Figure 7.15c) remain stable after 10 cycles for the carboncoated Li3N nanofibers, illustrating the great modification of thermodynamics on this
sample. Additionally, ammonia is still undetectable during the 10th desorption process
(Figure 7.17) and the characteristic peaks of β-Li3N are also present in the carboncoated Li3N nanofibers after the 10th desorption (Figure 7.18). To the best of our
knowledge, this is the first report on the stable reversibility of Li3N with a capacity
close to its theoretical value at a temperature as low as 250 oC.
In our in-situ preparation of carbon-coated Li3N nanofibers, on one hand, the
electrospinning technique can realize transformation of the precursor solution, i.e., the
well-distributed LiN3 with PVA, into nanofibers, and, therefore, nanoconfinement of
LiN3 nanoparticles inside PVA. On the other hand, the following calcination process
can effectively maintain the nanofibrous structure and the formation of 3D porous
carbon-coating restricts the growth of Li3N nanoparticles. Based on synchrotron x-ray
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diffraction data, the transformation during hydrogen release and uptake for the Li-NH-based system mainly involves the migration of Li+ and H+ ions.[25] The
comprehensive first-principles calculation results verified that the effective activation
energy for both dehydrogenation and hydrogenation closely depends on the surfaceto-volume ratio or the specific surface area, which relates to the concentration of Li+
and H+ on the surface and their following diffusion pathway.[12, 26] In the case of the
carbon-coated Li3N nanofibers, the dramatically improved H2 storage performance can
be attributed to the combination effect of the formation of β-Li3N, the larger specific
surface area of the Li3N nanoparticles, and a short ion diffusion path due to the
nanosize nature of the Li3N particles (~ 3.7 nm) and their uniform distribution in the
porous carbon nanofibers. Moreover, the 3D distribution of micropores, mesopores
and macropores inside the nanofibers can also provide a favorable way for H2
delivering, and the phase growth and separation for active materials can be effectively
prevented during successive H2 discharge and refuel due to the space-confinement of
porous carbon-coating on the nanosized Li3N. These endow the carbon-coated Li3N
porous nanofibers a stable reversibility without apparent degradation after even 10 de/re-hydrogenation cycles at a temperature as low as 250 oC.
7.4 Conclusions
In summary, we have successfully developed a new, simple, and one-pot method to
synthesize the carbon-coated Li3N nanofibers by a single-nozzle electrospinning
technique. The novelty of the methodology lies on the use of the PVA-LiN3 mixture
as the precursor, which can serve as the templating agent for the well distribution of
Li3N and the porogen for the fabrication of carbon coating with micropores, mesopores
and macropores. The thus-fabricated carbon-coated Li3N porous nanofibers exhibit
significantly enhanced hydrogen storage properties, with a stable reversibility close to
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the theoretical value over 10 de-/re-hydrogenation cycles at a temperature of 250 oC.
More importantly, the strategy of utilizing electrospinning technique for fabricating
carbon-coated Li3N nanofibers opens up a prospective route for advancing other
hydrogen storage materials. Furthermore, the special nanofiberous structure with 3D
porosity is also promising as supporting substrates for the encapsulation of other active
substances such as catalyst, and electrode materials for energy storage.
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8 CHAPTER 8 WELL-DISPERSED LITHIUM AMIDOBORANE
NANOPARTICLES THROUGH NANOREACTOR ENGINEERING FOR
IMPROVED HYDROGEN RELEASE
8.1 Introduction
Many recent efforts have been directed towards the development of chemical
hydrides as promising hydrogen storage media.[1-6] Among them, ammonia borane
(AB) is an excellent candidate for hydrogen storage owing to the ultrahigh hydrogen
capacity (19.6 wt.%), satisfactory air stability, and relatively low molecular mass (30.7
g mol-1).[7, 8] The direct use of pristine AB as a hydrogen energy carrier, however, is
hindered by the long induction period, slow decomposition rate in the first step at 100
o

C and the concurrent release of volatile by-products (e.g., borazine, diborane and

aminodiborane).[9-12] Interestingly, by the replacement of one H from AB with metal
ions, the thus-formed metal amidoboranes show the significantly enhanced
dehydrogenation kinetics and suppressed volatile by-products, due to the iconicity
change of N-H and B-H bond introduced by the related metal ions.[13-22] Especially,
lithium amidoborane (LiAB) with high hydrogen capacity (13.7 wt.%) and accessible
low temperature is standout from other materials to be an appropriate candidate.[23, 24]
Nonetheless, similar with the dehydriding behavior of AB, the dehydriding rate of
LiAB at low temperature is still low for practical application, especially for the secondstep dehydrogenation that may be attributed to the sluggish diffusion of both positive
and negative hydrogen across the reactive solid interfaces.[25]
Recent theoretical calculations and experiments have demonstrated that the
nanoscaled structure offers hydrogen storage materials a shorter diffusion path length,
the larger specific surface area and the decreased thickness of reactive interfaces
during H2 ab-/desorption process.[26-31] Moreover, the excess of surface energy
occurring in small particles could facilitate the material’s destabilization.[32] These
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advantages are capable of enhancing the thermodynamics and kinetics of
dehydrogenation.[33-38] In particular, by confining AB in various porous templates, e.g.,
metal organic frameworks,[39-41] mesoporous carbon,[42] silica hollow nanospheres,[43]
and mesoporous boron nitride,[44] the significantly improved dehydrogenation kinetics
at lower temperature and the complete suppression of volatile by-products have been
successfully realized. Inspired by this method, constructing the nanosized LiAB might
be a feasible route to improve its kinetics and thermodynamics for hydrogen release.
To fabricate nanosized complex hydrides, considerable efforts have been devoted to
impregnating them into various porous matrixes, which can not only directly
synthesize the nanostructured composites but also physically hinder the agglomeration
during thermal treatment for hydrogen desorption.[27, 28] During the infiltration process
into mesoporous templates, the pores with relatively small sizes, however, are easier
to be blocked more or less, which results in terrible encapsulation and agglomeration
of reactive substrates.[45] Additionally, it is still of a big challenge to keep the thusformed nanoparticles separated via the method of nanoconfinement so the
agglomeration and particle growth during thermal dehydrogenation is inevitable.[46]
Right now, facile control over the spatial distribution of precursors inside the scaffolds
is largely lacking with existing strategies.
It should be noted that the low solubility of LiAB with lack of melting nature even
makes traditional infiltration method unrealizable up to now. In order to achieve the
synthesis of nanoconfined LiAB nanoparticles with effective infiltration and welldistribution, we established a simple and highly effective method using the reaction
between AB and Li3N well-distributed in the porous CNFs to produce uniformly
distributed LiAB nanoparticles with improved dehydrogenation properties. As
schematically illustrated in Figure 8.1, we firstly fabricated PVA-coated LiN3
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nanofibers using PVA-LiN3 mixture as the precursor by a simple electrospinning
technique. By successive calcination of the thus-formed nanofibers, a plenty of
micropores, mesopores and macropores were generated upon the explosive release of
N2 from LiN3 accompanied by the carbonization of PVA. It in-situ produces the Li3N
nanoparticles with well-distribution space-confined inside the separated pores and
sufficient space for the accommodation of AB to interact with Li3N.[46] Firstly, the
three-dimensionally distributed porous carbon matrixes possess a large plenty of
macropores between individual CNFs, providing favorable diffusion pathway for the
effective infiltration of the precursors into the “nanoreactor”. Secondly, during the
reaction, each Li3N nanoparticle serving as an active site separated by porous carbon
shell inside the CNFs initiates the formation of LiAB via the reaction with AB with a
molar ratio of 1:3 under the steric hindrance of carbon coating, simultaneously
realizing the controllable synthesis of LiAB with high loading, well dispersion and
robust stability. In addition, owing to the mechanical support of carbonaceous
frameworks, the morphology of porous CNFs was well maintained during the whole
reaction process and thermolysis process, which is able to effectively stabilize the
physical environment of LiAB.
8.2 Experimental section
8.2.1

Synthesis of 3D porous carbon-coated Li3N nanofibers

Poly(vinylalcohol ) (0.5 g, Alfa Aesar, Mv=88000, CAS:9002-89-5) was mixed with
deionized water (5 ml) and stirred in oil bath at 40 °C over night. After PVA molecules
were fully swelled in water, then turn the temperature to the 90 °C for 8 h to make a
well-proportioned and stable PVA solution. LiN3 solution(0.4 mL, 20 wt.%) in water
was then added into the cooled PVA solution and vigorously stirred for 6 h to make a
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homogeneous spinning dope. The well-prepared precursor solution was poured into a
syringe with an 18-gauge blunt tip needle. Set the voltage as 15KV which was
provided by a high–voltage power supply between the needle and the collector. Also
the flow rate of solution was approximately 500 μL h-1 controlled by a syringe pump
(Longer, TJP-3A, China), and a grounded stainless steel plate was horizontally placed
10 cm from the needle to collect the nanowires. The as-collected fibers by
electrospinning were firstly dewatered in the 75 °C water bath under dynamic vacuum
for 15 h. Then the successive calcinations to 550 °C for 3 h was taken under dynamic
N2 atmosphere with a pressure of ~ 1 bar to obtain the 3D nanoporous carbon-coated
Li3N fibers with a heat rate of 2 °C min-1.
8.2.2

Synthesis of 3D porous LiAB@CNFs

The thus-formed Li3N@CNFs was then immersed into the solution of AB in THF
in the glove box for ~4 h. The mixture was then ultrasonicated for ~5 min at room
temperature for several times, and, subsequently, the CNFs in the form of film was
then taken out and washed with pure THF for several times to remove the residual AB.
Finally, the CNFs was treated under vacuum for ~ 12 h to remove solvent and yield
the carbon-coated LiAB nanofibers (LiAB@CNFs). The mass concentration of LiAB
in the as-prepared fibers, which was calculated to be 52.1 wt.%, was obtained by
elemental analysis.
8.2.3

Preparation of LiAB powders

Li3N (99.4 wt.%) and AB (97 wt.%) were commercial products and used as received.
Tetrahydrofuran (THF) was purified by distilling with sodium-potassium alloy under
an inert Ar atmosphere. AB (200 mg) was dissolved in THF (20 mL) under magnetic
stirring for 3 min. Li3N powder (75.2 mg) was added into AB solution in the golvebox.

201

Then the mixture was allowed to react for 60 min at 30 oC under the Ar atmosphere.
At the end of the reaction, the white LiAB powder was obtained by vacuum drying the
solution overnight at room temperature. All the samples were handled in a glove-box
filled with Ar (99.9999%), which was equipped with a circulative purification system
to control the H2O/O2 levels below 0.1 ppm. The reaction involved for the production
of LiAB can be expressed in eq. 8.1
3 NH3BH3 + Li3N→ 3LiNH2BH3 + NH3 (8.1)

8.2.4

Synthesis of LiAB/CNFs composite by ball-milling

In this case, the as-synthesized LiAB was mixed with CNFs in a weight ratio of 1:1
by ball milling for 2 h to form a mixture for the further experimental trials. The ball
milling was performed on a planetary ball mill (QM-1SP2, Nanjing) with a ball-topowder weight ratio of 30: 1 and a rotating speed of 350 rpm. Due to the relatively
lower onset temperature of decomposition (approximately 80 oC), the milling
procedure was carried out by alternating between 6 min of milling and 6 min of rest.
In order to prevent contamination by air, all handling and manipulation of the materials
were performed in an argon-filled glove box.
8.2.5

Hydrogen storage tests

Dehydrogenation of the ball-milled LiAB/CNFs composite, LiAB@CNFs and the
bulk LiAB composite were characterized by temperature-programmed desorption
(TPD) performed on a Sieverts-type apparatus, connected to a reactor filled with
sample (0.04g) under argon atmosphere (1 bar) at a heating rate of 5 oC min-1.
Simultaneous thermogravimetric analysis and mass spectrometry (TGA-MS, Netzsch
STA 449C) were conducted at room temperature, using a heating rate of 5 oC min-1
under dynamic argon with a purge rate of 80 mL min-1. Differential scanning
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calorimetry (DSC) measurements were performed by TAQ 2000 DSC under argon
with a gas flow of 40 mL Ar min-1 at a heating rate of 5 oC min-1.
8.3 Results and discussion

Figure 8. 1 Schematic illustration of the synthetic procedure of the LiAB@CNFs.
Figure 8.2a shows an overall SEM morphology of the as-electrospun nanofibers. It
demonstrates that the as-synthesized PVA-coated LiN3 fibers are continuous with
quite smooth surface and a relatively uniform diameter distribution of ~200 nm. After
calcination to 550 oC, the uniform fibrous nanostructure is well preserved and the
average diameter was decreased to ~150 nm resulting from the huge mass loss of PVA
upon carbonization (Figure 8.2b). The relatively high-magnification SEM images
clearly illustrate that the previous smooth surface turns to be rough and is filled with
both mesopores and macropores with various diameters (5–50 nm) (Figure 8.2c) due
to the strong release of N2 from the decomposition of LiN3. Moreover, the SEM image
of an occasionally broken fiber (highlighted by the red circle in Figure 8.2c) verified
the presence of mesopores inside the CNFs. This is attributed to the well-distribution
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of LiN3 in the as-electrospun PVA nanofibers. Numerous mesopores can be directly
observed in the TEM image (Figures 8.2e), confirming the 3D porous architectures of
the as-prepared carbon-coated Li3N nanofibers (Li3N@CNFs). The highly porous
structure of the Li3N@CNFs is further illustrated by the N2 adsorption-desorption plots
(Figure 8.3). From the plots, an obvious absorption was observed both at high relative
pressure and low pressure, demonstrating the existence of large size pores and
micropores, respectively. In addition, there is a broad distribution between 2 nm and
50 nm in the pore size distribution results, which agrees well with the SEM and TEM
results. Hence, it confirms that the CNFs are hierarchically full of micropores,
mesopores and macropores. The multiple and interconnected pores are favorable for
the encapsulation of AB thoroughly, and, more importantly, they can simultaneously
offer sufficient room around each Li3N nanoparticles inside the nanoreactor for the
subsequent reaction. After the infiltration of AB, the morphology of CNFs is wellmaintained during the whole reaction process as evidenced by the SEM image in
Figure 1d. Nonetheless, comparing to the as-prepared CNFs, no obvious pores are
observed after the interaction with AB from TEM image (Figure 8.2f), indicating that
most of the mesopores have been filled up. Moreover, both the BET surface area and
the cumulative pore volume of the CNFs is substantially reduced resulting from the
encapsulation of AB, concurrent with a significant reduction of the intensity of the
Barrett-Joyner-Hallenda (BJH) pore size distribution. It undoubtedly demonstrates that
AB penetrates the porous network of CNFs and occupies a large fraction of the pores
and/or blocks the pores. Furthermore, it should be noted that the formation of LiAB is
initiated by the interaction of AB with the pre-existing Li3N nanoparticles, which
therefore ensures the well-distribution of the thus-formed LiAB particles.
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Figure 8. 2 SEM images of (a) the as-electrospun PVA-coated LiN3 nanofibers, (b)
the as-prepared Li3N@CNFs and its large magnification image (c). (d) SEM images
of the LiAB@CNFs. TEM images of Li3N@CNFs (e) and LiAB@CNFs (f).
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Figure 8. 3 N2 sorption isotherm and pore size distribution (inset) of the as-prepared
Li3N@CNFs (a) and LiAB@CNFs (b).
In the XRD results as shown in Figure 8.4, characteristic peaks of LiAB, which is
similar with LiAB produced from the reaction between LiH and AB via ball-milling,[23]
are present for the as-formed composites from the interaction of Li3N with AB in THF.
It therefore verifies the feasibility to synthesize LiAB by this wet-chemical reaction.[47]
After the interaction of the CNFs containing Li3N with the solution of AB, the peaks
belonging to LiAB appeared along with the disappearance of Li3N (Figure 8.4a). It
directly confirms the stabilization of LiAB inside during the reaction process. Some
peaks belonging to NH3BH3 were also observed in the product. This may result from
the insufficient washing of the CNFs. Moreover, it can be seen that the peaks attributed
to LiAB inside the CNFs are broader than that of pure LiAB, suggesting the smaller
crystallite dimension of LiAB owing to the nanoconfinement effects. The average
particle size of LiAB, calculated from Debye-Scherrer’s equation, is ~ 25.3 nm. The
presence of the characteristic peaks of N-H and B-H bonds assigned to LiAB for the
LiAB@CNFs was further confirmed by FTIR spectra (Figure 8.5). Besides, it is
observed that, in the whole spectrum, the peaks assigned to PVA disappeared after
carbonization only with the presence of LiAB, suggesting the chemical inertness of
the CNFs that only serves as the nanoreactor.
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Figure 8. 4 XRD patterns of the as-prepared Li3N@CNFs (a), LiAB@CNFs (b),
including the products of Li3N and AB via the wet-chemical method (c) and
referenced LiAB (d) for comparison.

Figure 8. 5 FTIR spectra of the bulk LiAB (black line), LiAB@CNFs (red lines) and
their decomposed products to 120 oC.
To explore the nanosize effects on the hydrogen storage properties, a comparison of
the thermal decomposition performance of the as-prepared LiAB@CNFs, with the
ball-milled LiAB and LiAB/CNFs composite as control sample, was conducted by
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employing TG and MS in tandem with volumetric measurements. As shown in Figure
8.6, the decomposition process of bulk LiAB could be divided into two steps. The
onset and peak temperature of the first step desorption were 70 oC and 98 oC,
respectively, and the second step began at 120 oC with a peak at 150 oC, which agrees
well with the TG results. In addition, the total weight loss was 10.2 wt.% with a gradual
decomposition during the second stage, corresponding well with previous reports.[14,
23, 24, 48]

In the case of the ball-milled LiAB/CNFs mixture, it underwent a

decomposition process starting at 50 oC and ceasing at 180 oC with a broader
decomposition temperature range compared with LiAB, giving a weight loss of ~10.2
wt.% similar to pure LiAB. Therefore, it could be concluded that the carbonaceous
materials have no effects on facilitating the kinetics of hydrogen release. In contrast,
the as-prepared LiAB@CNFs showed a one-step decomposition with the onset and
peak temperature of H2 desorption downshifted to~40 oC and 80 oC, respectively,
which were 30 oC and 20 oC lower than that for the first step reaction of pure LiAB.
The one-step desorption of LiAB@CNFs was also observed from the MS curve,
suggesting that the decomposition route of LiAB may be changed owing to the
nanoconfinement effects. It is similar with the observation of the nanoconfinement
effects on the decomposition of AB.[39, 41, 43, 49, 50] Furthermore, TG results illustrated
that most of H2 was quickly released before 105 oC, in concurrence with the MS spectra,
which performed much higher desorption rate under the same weight loss ( ~10.5 wt.%)
compared with bulk LiAB. Moreover, the weight loss is in good agreement with the
volumetric results, confirming the high-purity of the released hydrogen from
LiAB@CNFs (Figure 8.7). All the remarkable desorption performance verifies that
the carbon-coated LiAB nanofibers through nanoreactors engineering improved the
hydrogen desorption kinetics.
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Figure 8. 6 TG and MS results for bulk LiAB, ball-milled LiAB/porous carbon, and
LiAB@CNFs, with a heating rate of 5 oC/min. H2 storage capacity is normalized to
the LiAB in the composite.

Figure 8. 7 Volumetric results for the decomposition of LiAB@CNFs.
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Figure 8. 8 (a) Hydrogen desorption curves of the LiAB@CNFs at different
temperatures, including bulk LiAB at 100 oC for comparison. Carbon was not
considered as an active component for the hydrogen storage measurements; (b)
Arrhenius plot according to the isothermal H2 desorption of the LiAB@CNFs and
bulk LiAB.
Insights into the dehydrogenation kinetics of LiAB@CNFs and bulk LiAB were
gained by applying the volumetric desorption measurements at different temperatures
(Figure 8.8 and Figure 8.9). As shown in Figure 8.8, even at a high temperature of
~100 oC, the bulk LiAB exhibits a hydrogen release of ~7 wt.% within 60 min. By
contrast, the LiAB nanoparticles are able to release~7.5 wt.% hydrogen at a
temperature as low as 60 oC through the same operation time. Apparently, with
increasing operation temperature, faster kinetics is yielded for the LiAB@CNFs.
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Specifically, upon further elevating the temperature to 80 and 90 oC, hydrogen
capacities of 8.7 and 9.5 wt.% could be observed, respectively. The value can further
reach to ~10.6 wt.%, approaching its theoretical releasable capacity, at 100 oC in less
than 15 min. For a quantitative evaluation of the enormously improved dehydriding
kinetics of the as-prepared LiAB@CNFs, the apparent activation energy (Ea) was
calculated from various isothermal dehydrogenation results via linear Arrhenius plots
of lnk, (k, rate constant), as a function of 1/T (T, absolute temperature). Figure 8.8(b)
displays the details for calculation of apparent activation energies. It gives the
activation energies of approximately 38.7 kJ mol-1 and 60.6 kJ mol-1 for the LiAB
nanoparticles and bulk counterpart, respectively. The activation energies of pure LiAB
is a little different from the value reported previously (75 kJ mol-1),[51] possibly
attributed to the various fabrication method involved. The significant decrease of
activation energy gives a direct evidence of the improvement of hydrogen release
kinetics resulting from the nanoconfinement and the nanoporous structure.

Figure 8. 9 Hydrogen desorption curves of the bulk LiAB at different temperatures.
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Figure 8. 10 XRD results of the bulk LiAB and LiAB@CNFs after heating to 200
o

C.

Figure 8. 11 FTIR spectra of the decomposed product of bulk LiAB to 250 oC.
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Figure 8. 12 DSC profiles for the dehydrogenation of (i) pristine LiAB and (ii)
LiAB@CNFs. The heating rate is 5 oC min-1.
The XRD pattern of LiAB@CNFs after decomposition to 120 oC (Figure 8.10)
demonstrates the formation of an amorphous phase, which is similar with the bulk
LiAB due to the polymerization occurring between N-H bonds and B-H bonds. Further
information on the decomposition pathway was therefore provided by the FTIR spectra
(Figure 8.5). It verifies the disappearance of N-H bonds and a dramatic decay of B-H
bonds in both bending and stretching modes with the appearance of B-N bonds of
LiAB@CNFs after dehydrogenation to 120

o

C. It indicates the complete

dehydrogenation of LiAB nanoparticles owing to the interaction of B-H and N-H
bonds. The weak peaks indexed to B-H bonds are attributed to the formation of a small
amount of BH4 group upon the thermolysis of LiAB, which is normally formed in the
dehydrogenation of metal amidoboranes.23, 52 Nonetheless, both N-H and B-H bonds
are clearly observed for the bulk LiAB upon decomposition at 120 oC and disappeared
until heating to 250 oC for a full dehydrogenation (Figure 8.11). It provides further
evidence for the improved dehydrogenation kinetics of LiAB via stabilization inside
the CNFs.

213

To understand the effects of nanoconfinement on the thermodynamics and
reversibility of LiAB, DSC was employed to monitor the enthalpy change during
dehydrogenation (Figure 8.12). It is noted that the hydrogen release process from
LiAB@CNFs is still exothermic with an enthalpy change of -6.68 kJ mol-1 H2, slightly
less exothermic than that of pure LiAB (-7.83 kJ mol-1). Although the reduced
exothermicity could benefit the hydrogenation of the decomposition products of LiAB,
no reversible phenomenon has been observed via solid-gas reaction under 10 MPa H2
pressure at various temperatures due to the exothermic reaction between N-H and BH for hydrogen desorption.
8.4 Conclusions
In summary, we established a simple and effective method, using mesopores in-situ
formed during the formation of Li3N as nanoreactors to support the reaction between
AB and Li3N, to synthesize the LiAB nanoparticles with well-dispersion and
nanometer size. Porous Li3N nanofibers not only were used as reactant to synthesize
and stabilize LiAB, but also offered sufficient room and channels for the successive
transportation and reaction. Taking advantage of the special architecture of the porous
CNFs and the reaction mechanism between Li3N and AB, the high loading capacity
and well dispersion of LiAB were simultaneously realized. Due to the physical
confinement effects, the growth of LiAB crystal is largely controlled. The nanosized
LiAB particles present significantly enhanced hydrogen desorption properties with the
rapid release of 10.6 wt.% hydrogen in 15 min at 100 oC. The special methodology for
stabilizing LiAB nanoparticles provides a viable strategy for synthesizing other
nanostructured metal amidoborane towards improved hydrogen storage properties.
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CHAPTER 9 CONCLUSIONS AND OUTLOOK
This thesis is focused on adopting nanoconfinement to improve the kinetics,
thermodynamics, and cycling performance of the complex hydrides, with the aim of
designing a material which possesses high gravimetric and volumetric hydrogen
densities and could achieve hydrogen storage under moderate conditions. The
synthetic strategy, the characterization of the as-prepared samples, and the hydrogen
storage performance for each of the materials investigated have been elucidated based
on systematic experimental data.
Nanoconfinement of NaZn(BH4)3 in mesoporous SBA-15 was successfully realized
by typical infusion via capillary action. Compared with pure NaZn(BH4)3,
NaZn(BH4)3 infiltrated into SBA-15 displays significantly enhanced hydrogen release
properties, including complete suppression of boranes and improved hydrogen release
kinetics, offering pure hydrogen release in the temperature range of 50 to 150 oC. Our
results indicate that nanoscale NaZn(BH4)3 obeys a completely different
decomposition mechanism from its bulk counterpart, which enables unstable
borohydrides to release pure hydrogen rather than undesirable boranes, providing a
viable strategy for improving the hydrogen desorption properties of relatively unstable
metal borohydrides with high Pauling electronegativity to achieve superior hydrogen
release kinetics at lower temperature by designed nanostructures.
Subsequently, a uniformly distributed composite of 2LiBH4-LiAlH4 was
successfully nanoconfined in mesoporous carbon scaffolds according to the solvent
mediated infiltration technique. The onset dehydrogenation temperature of LiAlH4 and
LiBH4 in the infiltrated 2LiBH4-LiAlH4 composite is decreased to ~ 80 oC and 230 oC,
respectively, which are 40 oC and 145 oC lower than for its post-milled counterpart.
Isothermal measurements reveal that ~10 wt.% H2 could be released from the
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nanoconfined 2LiBH4-LiAlH4 composite at 300 oC within 300 min, while less than 4
wt.% H2 was released from the post-milled mixture, even at 350 oC. Moreover, by
taking advantage of both nanoconfinement and thermodynamic destabilization, the
release of toxic diborane from LiBH4 was successfully suppressed. The
dehydrogenation mechanism reveals that, under the structure-directing effects of
carbon supports, the decomposition of the well-distributed 2LiBH4-LiAlH4 composite
favors the formation of AlB2 instead of the thermodynamically stable Li2B12H12, which
has been verified to play a crucial role in enhancing the hydrogenation of the 2LiBH4LiAlH4 composite. On combination with the extra LiH supplied by the in-situ
decomposition of nanoconfined LiAlH4, the thus-tailored thermodynamics and
kinetics of the 2LiBH4-LiAlH4 composite endow it with significantly advanced
reversible hydrogen storage properties, with a stable reversibility without apparent
degradation after 7 de-/re-hydrogenation cycles.
A new, simple, and one-pot method to synthesize carbon-coated Li3N nanofibers by
a single-nozzle electrospinning technique was developed by using poly(vinyl alcohol)
and LiN3 as the precursor, which can serve as the templating agent for good
distribution of the Li3N and the porogen for the fabrication of a carbon coating with
micropores, mesopores, and macropores. The thus-fabricated carbon-coated Li3N
porous nanofibers exhibit significantly enhanced hydrogen storage properties, with a
stable reversibility close to the theoretical value over 10 de-/re-hydrogenation cycles
at a temperature of 250 oC. More importantly, the strategy of utilizing the
electrospinning technique for fabricating carbon-coated Li3N nanofibers opens up a
prospective route for advancing other hydrogen storage materials. Furthermore, the
special nanofibrous structure with 3D porosity is also promising as a supporting
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substrate for the encapsulation of other active substances such as catalysts and
electrode materials for energy storage.
Following that, well-distributed LiNH2BH3 nanoparticles were successfully
fabricated via carbon nanofibers with homogenous pores uniformly containing Li3N
as the nanoreactor and reactant, which were simply prepared by a single-nozzle
electrospinning technique for subsequent interaction with BH3NH3. The hierarchical
porous structure consists of various macropores, mesopores, and micropores produced
in-situ during the formation of Li3N, with the pores simultaneously serving as the
reaction initiator, which not only controllably realize a good distribution of LiNH2BH3
nanoparticles, but also provide favorable channels for hydrogen release. By virtue of
the hierarchical porous architecture and the nanoscale size effects, the LiAB
nanoparticles start to release hydrogen at only 40 oC, which is 30 oC lower than that of
pure LiNH2BH3, and they dehydrogenate completely within only 15 min at 100 oC
(10.6 wt.%). LiNH2BH3 provides a new perspective on the controllable fabrication of
nanosized hydrogen storage materials.
In this thesis, a series of complex hydrides were nanoconfined based on different
methodologies, i.e., solution infiltration, electrospinning, and nanoreactor engineering.
These synthetic methods and optimized conditions could be extended to other potential
hydrogen storage materials and/or energy storage materials. The nanoconfinementinduced improvement of the hydrogen storage properties of complex hydrides further
verifies the important role of nanostructuring and space-confinement effects towards
enhancing their performance.
In summary, based on the results in this thesis, it could be concluded that
nanoconfinement is an effective and efficient tool to improve the hydrogen storage
performance of complex hydrides based on the following advantages. First, the
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diffusion distance of hydrogen and the thickness of reactive interfaces during
hydrogenation and dehydrogenation could be significantly decreased owing to the
decrease of particle size down to nanometer scale, leading to tremendously improved
hydriding and dehydriding kinetics and the decrease of temperature for hydrogen
strorage. Second, the significant reduction of particle size results in a low mean
coordination number of surface atoms, and therefore an excess of surface energy,
which could effectively modify the thermodynamics parameters of complex hydrides,
i.e., enthalpy and entropy, towards superior hydrogen storage performance. Third, the
porous scaffolds adopted in nanoconfinement could physically prevent the particle
growth, aggregation, and phase segregation upon cyclic hydrogenation and
dehydrogenation, which could enhance the cycling stability of complex hydrides.
Unfortunately, the disadvantages of adopting nanoconfinement to enhance the
performance of complex hydrides is also obvious. Clearly, due to the introduction of
the templates for nanoconfinement, which are often inactive for hydrogen storage, the
gravimetric and volumetric hydrogen densities of the system are significantly reduced,
which makes them impossible for practical application. Moreover, the synthetic
process is often tedious and the nanostructured hydrogen storage materials are unstable,
which makes them difficult to scale up.
Therefore, further investigations could focus on developing a cost-effective and
efficient strategy to obtain reasonable hydrogen storage performance with high
volumetric and gravimetric hydrogen storage capacity under moderate conditions. To
achieve this goal, a template with high surface area, large pore volume and ordered
porous structure, which could facilitate the effective nanoconfinement of hydrogen
storage materials, is required. More importantly, nanoparticles of complex hydrides is
highly unstable and tend to aggregate and grow upon thermal treatment for hydrogen
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storage. Therefore, in order to preserve the superior hydrogen storage performance
induced by the nanosize effects, an effective method to achieve full encapsulation of
complex hydrides with high loading is highly desirable.

